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CHAPTER I 
INTRODUCTION 
Sewage sludge is the semi-solid material created during biological 
and physical wastewater treatment (Forste, 1990). Depending upon the 
treatment process, raw sludge may be transformed into digested, 
activated or composted sewage sludge (Petrovic et al., 1985). Sludge 
typically contains nitrogen (N), phosphorus (P), and potassium (K), as 
well as some micronutrients necessary for turfgrass growth. Soil 
microorganisms decompose organic matter in sludge releasing nitrogen and 
other nutrients which then become available for plant uptake (Forste, 
1990). 
Sludges generally contain appreciable amounts of organic matter and 
heavy metals. The amount and type of heavy metals present are a function 
of the industries contributing to the wastewater treatment facility 
(Sommers, 1977). Therefore, variations occur in metal levels among 
sewage sludges from different sources. 
The sludge disposal problem in the United States is one that 
warrants attention. In 1985 the United States produced over 99 million 
metric tons of sludge (Petrovic et al., 1985). Principal avenues of 
sludge disposal include landfills, incineration and ocean dumping. 
Disposal of sludge in an environmentally acceptable manner has become a 
major concern for many communities. 
Landfill disposal is the most widely used method of sludge disposal 
in the United States. Landfills are widely distributed and offer a quick 
and efficient disposal option. Once the waste is deposited it is buried 
by layers of soil. This process continues until no landfill capacity 
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remains. It has been estimated that 75% of the nations' existing 
landfill space will be filled within the next ten years (Gutfeld, 1991). 
For example, where four hundred landfills were available for sludge 
disposal in New Jersey in 1970, only 12 remained in operation by 1985 
(Egarian and Fletcher, 1985). 
Numerous problems have been associated with landfill disposal of 
sludge. Noxious odors, eye irritation and respiratory problems have been 
associated with landfill operation in the United States. A recent study 
conducted to analyze leachate from clay-lined landfills in the United 
States indicated that nitrate had percolated the liner of many landfills 
(Raloff, 1989). Clay liners also favor water retention and development 
of anaerobic conditions detrimental to rapid decomposition. Every day 
24,000 metric tons of waste are dumped into the world's largest 
landfill, located on Staten Island, NY. It has been estimated that 2 
million gallons of untreated leachate per day leak into the groundwater 
from this single landfill. Closing the landfill would mean finding 
alternate disposal for two-thirds of New York City's trash. 
Incineration is also considered a sludge disposal option. However, 
construction costs, fuel needed for incineration and smoke stack 
scrubbers to minimize pollution make incineration, an expensive disposal 
option (Egarian and Fletcher, 1985). Additionally, neighborhood 
opposition to incinerators make them difficult to site and permit. 
As with other sludge disposal methods, incineration has undesirable 
environmental impacts. The most significant problems associated with 
incineration are air pollution and the production of fly ash (Egarian 
and Fletcher, 1985). Smoke stack emissions from burning sewage sludge 
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often contain toxic substances including heavy metals and organic 
solvents. While scrubbers cam reduce smoke stack emissions, very small 
particles and volatile compounds such as mercury may still be emitted 
into the atmosphere. In addition, uncombusted chemicals are concentrated 
in the fly ash resulting from sludge incineration. This concentrated 
material is then transported to landfills and buried where it is subject 
to leakage from the landfill. 
Ocean dumping is another sludge disposal method and has been 
practiced since 1924 (Gordon, 1986). As recently as 1991, New York and 
New Jersey deposited up to eight million metric tons of raw sewage 
sludge off the United States coast each year. Ocean dumping has 
traditionally been considered relatively environmentally safe because of 
the large dilution factor as well as dumping far out at sea. Research, 
however, has shown that ocean dumping has destroyed sea life and coral 
reefs (Gordon, 1986). In the Northeastern United States, pollution from 
medical waste has prompted authorities to declare many beaches unsafe 
for recreational activities until massive cleanup operations have been 
performed. As a consequence, ocean dumping of raw undigested sewage 
sludge was banned as of December 1991. 
Given the drawbacks associated with traditional methods of sludge 
disposal, as well as declining availability of those options, interest 
in beneficial land disposal of sludge has increased during recent years. 
One potential avenue for the disposal of substantial amounts of sludge 
is application to turfgrass areas as a fertilizer. 
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Objectives 
The overall objective of this research was to evaluate the potential of 
pelletized sewage sludge to enhance turfgrass quality and growth, and 
to monitor the potential environmental impact of nutrients and metals 
contained in the sludge. Experiments were conducted from 1991 through 
1992 to fulfill the following specific objectives: 
1. To assess pelletized sludge as a slow release nitrogen fertilizer 
source for established turfgrass. 
2. To assess potential nitrate leaching from pelletized sludge 
applications. 
3. To determine the distribution of metals and nitrates in the soil 
resulting from pelletized sludge application. 
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CHAPTER II 
LITERATURE REVIEW 
Land Disposal Of Sewage Sludge 
Land application of sewage sludge as a soil amendment and/or 
fertilizer is not a new concept. Sludge application has been evaluated 
on corn (Zea Mays L. rugosa cv. Silver Queen) (Keefer et al., 1986), 
soybean (Glycine max L. Merr) (Chaney, 1973), lettuce (Latuca sativa L.) 
(Hue et al., 1988), tree nurseries (Korcak et al. 1979), forests 
(Koterba 1979), land reclamation of old mine spoils (Stucky and Newman, 
1977) and turfgrass ranging from pastures to golf courses (Levine et 
al., 1989; Noer, 1926). The Environmental Protection Agency, United 
States Department of Agriculture, United States Food and Drug 
Administration and National Association of Soil Conservation Districts 
all actively promote and encourage sludge utilization (Forste, 1990). 
Home lawns, parks, roadside turf and golf courses represent 
potential avenues for the disposal of sewage sludge. Turfgrass areas 
require many of the nutrients normally present in sludge and provide an 
area for disposal not subject to grazing by animals or production of 
food crops for human consumption. Research investigating the effects of 
sewage sludge on turfgrass has shown the practice to be both 
economically feasible and environmentally acceptable (Boswell, 1975; 
Levine et al., 1989; Noer, 1926). 
Milorganite is a heat-dried aerobically digested sewage sludge that 
has been used with great success as a fertilizer and soil amendment for 
turfgrass. Since 1926 over 4 million tons of Milorganite have been sold 
5 
(Spindler, 1986). Milorganite production results in the generation of 100 
million gallons of purified, treated water daily. Also, 600 gallons of 
raw sewage sludge are treated to produce 1 pound of Milorganite 
(Spindler, 1986). Although Milorganite has been proven to be an 
acceptable turfgrass fertilizer during more than 65 years of use, some 
continue to question the environmental ramifications of land application 
of sewage sludge. 
Environmental Issues 
In addition to environmental pollution concerns associated with 
sludge application, effects of heavy metals on turfgrass growth and 
quality also bear consideration. Kiemnec et al. (1987) reported that 
concentrations of zinc (Zn), cadmium (Cd), and copper (Cu) were higher 
and manganese (Mn) lower in tall fescue (Festuca arundinacea Schreb.) 
grown on soil amended with sludge at 0 - 880 kg N ha”* compared to 
untreated soil. Boswell (1975) reported that sludge additions 
significantly increased the heavy metal content of tall fescue. 
Application of 16.8 metric tons ha”1 for three years resulted in an 
increase of Cd, chromium (Cr), Cu, Mn, and lead (Pb), in turfgrass 
leaves. Petrovic et al. (1985), reported that after applying aerobically 
and anaerobically digested sludge at rates of 15,246 to 60,982 kg ha 1 
to Kentucky bluegrass (Poa pratensis L. ) the amount of Cu, Zn, Cr, Cd, 
and nickel (Ni) increased significantly. Jones et al. (1973) studied 
the effect of sludge application on lead uptake of perennial ryegrass 
(Lolium perenne L.) and concluded that ryegrass roots restrict the 
movement of lead into the tops of high yielding ryegrass. Jarvis and 
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Jones (1978) grew perennial ryegrass in a cadmium solution and also 
reported that roots accumulated more Cd than shoots due to restricted 
transport of Cd to shoots. These findings of restricted metal transport 
to shoots agree with the findings of King (1981) and Chaney and Lloyd 
(1980) who reported that a soil-plant barrier exists for Cu and Pb 
which might restrict uptake of these metals into turfgrass shoots. 
Levine et al. (1989) conducting research over a ten-year period on an 
established stand of Kentucky bluegrass demonstrated, that cumulative 
applications of 8,960 kg ha-1 yr-1 did not result in plant accumulation 
of Cd, Cu, Pb, or Zn at levels higher than soil levels. Turfgrass growth 
at the highest rate of heavy metal exposure did not result in toxic 
symptoms (Boswell, 1975; Kiemnec et al., 1987; Levine et al., 1989). 
It is generally accepted that most heavy metals become increasingly 
available as pH decreases (Alloway, 1990). Dijkshoorn et al. (1981) and 
Epstein et al. (1976) reported that lowering soil pH can increase heavy 
metals availability to plants. Lindsay (1979) observed that most heavy 
metals become less soluble, and less plant available in alkaline 
conditions because carbonates and hydroxides of these metals 
precipitate. Epstein et al. (1976) showed further that the addition of 
240 metric tons of sewage sludge compost to soil increased pH from 4.7 
to 6.5. This finding is in agreement with Angle et al. (1981) who noted 
an increase in soil pH with sludge applications due to the lime used to 
stabilize the sludge during processing. Stucky and Newman (1977) applied 
either 314 or 627 metric tons of sludge ha-1 to tall fescue growing on 
acid strip mine spoil and reported that applying 627 metric tons ha 1 
caused a 92% increase in dry weight compared to the control. They 
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attributed increased yields to higher pH and increased availability of 
nutrients. 
Carlson and Rolfe (1979) fertilizing with 12-6-6 at 41 kg N ha-1 to 
a soil treated with Pb (0 - 10,000 mg kg-1) and Cd (0 - 100 mg kg-1), 
reported reduced Pb uptake in rye (Lolium perenne. L.) but not in fescue 
(Festuca rubra L.). Additionally, Cd content of fertilized plants was 
greater than nonfertilized plants. Giordano and Mortvedt (1976) also 
observed that nitrogen fertilization enhanced uptake of Zn, Cd, Cr, Pb, 
and Ni by tall fescue due to increased growth. Dijkshoorn et al. (1983) 
reported that nitrogen source influenced the uptake of heavy metals by 
ryegrass (Lolium perenne. L.) . Ryegrass receiving nitrogen from 
ammonium sulphate accumulated higher levels of Mn, Ni, Zn, and Cd than 
the grass receiving nitrogen from calcium nitrate. Since heavy metal 
uptake by turfgrass appears to be restricted, concerns have increased 
regarding potential heavy metal contamination of groundwater. 
Giordano and Mortvedt (1976) studied heavy metal leaching from 
anaerobic sewage sludge applied at 224 metric tons ha-1 to soil columns 
cropped with tall fescue (Festuca arundlnacea Shreb. cv. Kentucky 31) 
and reported that heavy metal content of leachate was never above values 
from untreated soil columns. Substantial movement of metals below the 
point of application appears to be rare (Valdares et al., 1983; Kirkham, 
1974). Severe floods and wind erosion increase the potential for surface 
water pollution by heavy metals (Kirkham, 1974). However, a functional 
turfgrass stand will control wind and water erosion (Beard, 1973). 
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Sludge Fertilizer Potential 
Fertilizers used in the turfgrass industry are often characterized 
by their nitrogen release rate. Quickly-available or soluble forms of 
nitrogen range from inorganic salts to organic carriers such as urea. 
Quickly-available nitrogen fertilizers are known for their water 
solubility, rapid but short term turfgrass response, minimal temperature 
dependency, high burn potential, and low cost per unit of nitrogen 
(Turgeon, 1991). Slow-release nitrogen sources generally provide a slow 
but long term turfgrass response, variable temperature dependency, 
reduced burn potential, and moderate cost per unit of nitrogen. Soil 
microorganisms decompose sludge organic matter releasing nitrogen and 
other nutrients which then become available for plant uptake (Forste, 
1990). Thus, sludge serves as a slow release fertilizer source via 
microbial degradation of organic matter. 
The form of nitrogen present in sewage sludge has been characterized 
by Sommers (1977). He reported 67 ppm of NH^+-N to be available in an 
anaerobic sewage sludge. Nitrate is not typically present in fresh 
anaerobically digested sludges but can be formed slowly by nitrification 
if these materials are stored before marketing. Sludges produced under 
aerobic conditions, however, will contain some inorganic nitrogen as 
N03~. Nitrogen availability five years after sewage sludge application 
was studied by Harding et al. (1985). One year after applying aerobic 
or anaerobic sludge at 0 to 25,200 kg N ha-1, plots receiving anaerobic 
sludge contained at least twice the total nitrogen of plots receiving 
equivalent rates of aerobic sludge. Five years after final sludge 
application, 11% of the initial nitrogen applied remained in the 
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anaerobic sludge while only 2% available nitrogen remained in 
anaerobically treated sludge. These results indicate that aerobic sewage 
sludge decomposes faster than the anaerobic sewage sludge. 
Kiemnec et al. (1987) compared yields of tall fescue (Festuca 
arundinacea Shreb.) with either sludge or NH4N03 applied at rates of 0 
to 880 kg N ha ^ and found that sludge treated tall fescue averaged 
37.3% less yield than NH^NO^ during the three-year period. They 
concluded that sewage sludge was an effective slow-release nutrient 
source for tall fescue because the nitrogen in the sludge becomes 
available to plant growth only after decomposition. Tester et al. (1982) 
compared the relative efficiency of sewage sludge-compost to NH4N03 as 
an nitrogen source for tall fescue. During 167 days of growth, tall 
fescue utilized approximately 8% of the sludge-compost N compared to 80% 
from NH4N03. These studies compare with work by Amundson and Jarrell 
(1983), who reported that 1 kg of anaerobically digested sludge was 30- 
60% as efficient as 1 kg of (NH4)2S04 
In addition to providing nutrients and altering pH, sludge 
application also typically increases soil organic matter content. 
Commercially produced sod is often grown on the same parcel of land for 
many years, thus, soil organic matter content tends to decline with each 
sod harvest (Burns, 1980). Research has shown that sewage sludge may aid 
sod production by acting as a soil conditioner as well as an additional 
nutrient source. Angle et al. (1981) incorporated sludge compost to a 
depth of 15 cm and reported that adding up to 720 dry metric tons ha 1 
improved sod quality, and increased pH and bulk density of the sod 
compared to the control. Hinsely et al. (1972) reported that 
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anaerobically digested sludge applied at 309 metric tons ha-1 during 4 
years to a silt loam soil increased its organic carbon content from 1.2 
to 2.4 percent in the surface 15 cm. Burns (1980) reported that sod 
production on 8 cm of sewage sludge from a secondary treatment plant 
resulted in a 3-month-old Bermuda grass (Cynodon dactylon sp.) sod with 
twice as many roots and double the length of those produced on 7-month- 
old control plot. Burns (1980), Decker (1989) and Neel et al. (1978) 
also reported reduced sod establishment time resulting from 
incorporation of sludge into the soil. 
The efficiency with which turfgrass sludge applied N has also been 
reported. Dowdell & Webster (1980) applied 400 kg N ha-1 from Ca(15N03) 
growing on perennial ryegrass (Lolium perenne L.) to a loamy sand for 
one year. They found that more than 50% of the applied N was recovered 
in clippings. Starr & DeRoo (1981) applied 195 kg N ha-^ of for three 
years to Kentucky bluegrass (Poa pratensis L. ) and red fescue (Festuca 
rubra L.) reported that 73% of the applied fertilizer was returned to 
the turfgrass system when clippings were returned. Clipping recovery 
from soluble N sources and sulfur coated urea was 48-52% in a study 
conducted by Hummel and Waddington (1981); while recovery from 
organiform and sludge fertilizers ranged from 15-29%. When fast or slow- 
release nitrogen is applied to turfgrass some inorganic N is 
immobilized into organic matter making growth in subsequent years 
dependent upon mineralization rate (Dowdell and Webster, 1980; Epstein 
et al., 1976; Starr and DeRoo, 1981). After three years of 
fertilization it was reported that the soil 0-10 cm of soil was 
affected most. In fact, returning clippings to the turf resulted in a 
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32% increase in soil N compared to the control and a 45% increase 
compared to treatments where clippings were not returned (Star and 
DeRoo, 1981). 
In addition to evaluating nitrogen for its effect on soil and 
turfgrass growth, extensive research has been conducted to examine 
potential ground water contamination from moderate to heavy fertilizer 
applications. After a three-year study in which 195 kg ha-1 was applied 
to a sandy loam soil, removing or returning clippings did not 
significantly affect NO^-N leaching (Starr and DeRoo, 1981). In fact, 
N03 leaching never exceeded 2.0 mg L_1. Calcium nitrate was applied to 
Kentucky bluegrass (Poa pratensis L.) and red fescue (Festuca rubra L.) 
at 400 kg N ha-1 yr”1 by Starr and DeRoo (1981) resulting in a 45-60% 
nitrogen leaching loss during a three-year period. Soil solution nitrate 
concentration, however, rarely exceeded 10 ppm even when applications 
were made in the spring (Dowdell and Webster, 1980). Brown et al. 
(1982) compared soil media with sand contents ranging from 80-100%, fast 
and slow release N sources applied to Tifdwarf bermudagrass (Cynodon 
dactylon L.) irrigated heavily (7 cm wk”1). Nitrate concentrations from 
Milorganite and IBDU applied at 146 kg N ha”1 to 100% sand greens were 
below detection limits 14 days after treatment and rarely exceed 10 mg 
L”1 while the NO^ concentration from NH4N03 applied at 163 kg N ha 1 
exceeded 10 mg L_1 for 30 consecutive days. Nitrate leaching from 
composted municipal sewage sludge applied at 300 tons ha 1 and disked 
prior to planting Kentucky 31 tall fescue ranged from 70-80 mg 1 1 
(Inman et al., 1982). 
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Pelletized sewage sludge typically contains at least 90% organic N 
which must be mineralized before becoming available to the plant 
community. Determining the rate at which this process occurs is useful 
in recommending applications rates. Applying pelletized sludge at 
excessive rates could potentially promote nitrate leaching. 
Consequently, substantial research has been conducted to monitor the 
rate of mineralization from sludge based fertilizers. 
Hsieh et al. (1981) studied activated and anaerobically digested 
sewage sludge applied to a Freehold sandy loam soil and reported that N 
mineralized at a rate of 30% and 38%, respectively. Parker and Sommers 
(1983) analyzed N mineralization from sludges which had undergone 
different treatment processes. They reported that waste-activated, raw 
and primary digested, and anaerobically digested sludges had N 
mineralization rates of 40%, 25% and 15%, respectively. They also 
recommended determining application rates based on the amount of organic 
N contained in the sludge and the type of sludge being applied. 
Research has also been conducted to analyze the effect of various 
environmental conditions on overall mineralization rate. Terry et al. 
(1979) reported that soil texture, soil moisture, and pH had little 
effect on sludge decomposition rates. Surface-applied sludge and warm 
soil temperature (30°C) seemed to have the greatest impact on 
decomposition (Terry et al., 1979). In contrast. Tester et. al. (1977a), 
reported that a silt loam provided the lowest N mineralization rate 
compared to a loamy sand and a silty clay. Hsieh et. al. (1981) reported 
that moisture levels of 0.06 and 0.33 bars did not significantly affect 
N mineralization rate. 
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In conclusion, land application of sewage sludge is a viable 
disposal option. Work to date indicates that sewage sludge if properly 
managed can benefit plants. While there is sure to be an increase in the 
amount of sludge based fertilizers in the future, additional information 
regarding its potential environmental impact is needed to increase its 
acceptance in the marketplace. 
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CHAPTER III 
ASSESSING TURFGRASS QUALITY, GROWTH, AND NITROGEN 
UPTAKE IN RESPONSE TO FERTILIZER APPLICATIONS 
Introduction 
Nitrogen fertilization of turfgrass is essential to maintain 
acceptable quality and growth. The benefits of proper nitrogen 
fertilization include increased density and uniformity, darker green 
color, improved environmental stress resistance and disease resistance. 
Over the years, many fertilizers have been evaluated for their potential 
on turfgrass (Hummel and Waddington, 1981). Water soluble (fast-release) 
nitrogen sources such as urea and slowly soluble (slow-release) nitrogen 
sources such as isobutylidene diurea and activated sewage sludge have 
each been used extensively in the turfgrass industry. 
The nitrogen release rate of fertilizers used on turfgrass is a 
very important characteristic. Fast release sources of nitrogen range 
from inorganic salts to organic carriers such as urea. Quickly available 
nitrogen fertilizers are known for their solubility, rapid but short 
term turfgrass response, minimal temperature dependency, high burn 
potential, and low cost per unit of nitrogen (Turgeon, 1991). Slow 
release nitrogen sources provide a slow but long term turfgrass 
response, low to high temperature dependency, minimal burn potential, 
and moderate cost per unit of nitrogen. 
Nitrogen uptake by turfgrass following fertilization has been 
reported in numerous studies. Starr and DeRoo (1981) applied a standard 
lawn (50% slow-release N) fertilizer at 98 kg N ha ^ annually and 
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reported that 50 — 75% of applied N was recovered in clippings over the 
course of a growing season. Hummel and Waddington (1980) assessed water 
soluble and slowly soluble N sources and reported that N recovery in 
clippings averaged 50% for soluble sources such as urea compared to N 
recoveries of 15 - 29% in clippings from the slow-release sources 
organiform and Milorganite. 
As new fertilizers are developed, application rates and frequencies 
must be established in order to maintain quality and growth while 
reducing potential nitrate leaching. The objective of this research was 
to evaluate pelletized sewage sludge and selected water soluble and 
slowly soluble fertilizers in order to assess their effect on turfgrass 
quality, vigor, and nitrogen uptake. 
Methods and Materials 
Field studies were conducted on a mixture of Kentucky bluegrass 
[Poa pratensis (L.) Baron] and perennial ryegrass [Lolium perenne (L.) 
Manhattan II] growing on a Hadley silt loam soil (coarse-silty, mixed, 
nonacid, mesic Typic Udifluvent-variant infrequently flooded) at the 
University of Massachusetts Turfgrass Research Center in South 
Deerfield, MA. The soil had a pH of 6.0 and a CEC of 10.8 and a organic 
matter content of 1.6%. Treatments were applied to 1 x 3 m plots using 
a drop spreader and included : 
1. Hagerstown, MD (5-3-0) pelletized sludge. 
2. Milorganite (6-2-0) activated sewage sludge. 
3. Ringer Lawn Restore (10-2-6) (An organic, feather-meal based 
fertilizer). 
4. Urea (45-0-0). 
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5. 12-4-8, a balanced fertilizer containing 42% of its nitrogen as 
slowly soluble N from methylene urea, and 58% quickly soluble N from 
urea, ammonium sulphate and ammonium phosphate. 
6. No fertilizer 
Rate and frequency of fertilizer application is shown in Table 3.1. 
Table 3.1. Rate and 
1992. 
frequency of fertilizer application during 1991 and 
Fertilizer 
Source 
Abbrev.f Application 
Rate 
APR^ JUN AUG NOV Yearlv 
1991 
Total 
1992 
Urea 
(45-0-0) 
UREA 49 X§ X X X 147 196 
12-4-8 12-4-8 49 X X X X 147 196 
Milorganite 
(6-2-0) 
MIL 98 X X 196 196 
Ringer Lawn 
Restore 
(10-2-6) 
RING 98 X X 196 196 
Hagerstown 
(5-2-0) 
Pellets 
PEL2 98 X X 196 196 
PEL4 196 X X 392 392 
PEL6 294 X X 528 528 
PEL8J 392 X 392 392 
PEL8S 392 X 392 392 
t Abbreviations for fertilizer treatments. 
t Application dates included 6 June, 29 Aug. and 21 Nov. 1991; 23 Apr., 
11 June, 27 Aug. and 14 Nov. 1992. 
§ Scheduled Apr. 1991 application was delayed until 6 June 1991. 
Subsequent applications during 1991 were made as indicated above. 
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Turf was mown to 3.8 cm twice per week during the growing season 
with clippings returned. The plots were irrigated as needed to prevent 
drought stress. Pesticides were applied as needed during the study to 
maintain acceptable quality. Pendimethyalin, [N-(l-ethylpropyl)-3,4- 
dimethyl-2,6-dinitrobenzenamine] was applied during April of each year 
for pre-emergent annual grass control. Vinclozolin [3-(3,5-Dichloro- 
phenyl)-5-ethenyl-5-methyl-2,4-oxazolidinedione] was applied once in 
1991 curatively for Dollar Spot (Sclerotinia homoeocarpa). 
Clippings were harvested biweekly during the growing season to 
assess fertilizer effects on plant vigor. Clippings were harvested by 
making one pass lengthwise through each plot taking a 45.7 cm x 3.0 m 
swath with a reel mower at 3.8 cm height. Clippings were oven-dried at 
70 °C for 2 days and then weighed to asses plant growth rate. 
To monitor tissue N content, clippings were ground through a Wiley 
Mill to pass a 20 mesh screen and were stored in manila envelopes until 
analysis. Clippings were digested according to the method of Eastin 
(1978) and analyzed colorimetrically for Total Kjeldahl Nitrogen (TKN) 
using the method of Bower and Holm-Hansen (1980). 
Turfgrass quality is a composite of several characteristics 
including uniformity, density, texture, and color. Visual turfgrass 
quality was rated every two weeks during the growing season using a 
scale of 1-9 with 1 = brown, low quality turf, 5 = acceptable quality, 
and 9 = dark green, ideal turf. 
Statistical Analysis 
The field experiment was conducted using a completely randomized 
design with four replicates of each treatment. All data were evaluated 
18 
The field experiment was conducted using a completely randomized 
design with four replicates of each treatment. All data were evaluated 
with an analysis of variance (ANOVA) using the Statistical Analysis 
System (SAS Institute, Inc., 1988). If the ANOVA F-test indicated that 
fertilizer source effects were significant, means were separated using 
Duncan's New Multiple Range Test. 
Results and Discussion 
Turfgrass Quality 
1991. Turfgrass quality during 1991 in response to the various 
fertilizer programs is shown in Table 3.2. Sludge pellets applied at 98 
kg N ha ^ (PEL2) provided turfgrass quality superior to nonfertilized 
(CONT) plots throughout the 1991 season. Following 6 June application. 
Ringer Lawn Restore (RING) applied at 98 kg N ha-1 provided 
significantly higher quality than equivalent rates of either sludge 
pellets (PEL2) or Milorganite (MIL) until the 5 July rating. The more 
rapid initial release of RING was due to a higher water soluble N 
content compared to sludge pellets and Milorganite. From 5 July through 
29 August, however, MIL, RING, and PEL2 provided similar turf quality. 
PEL4 provided turfgrass quality superior to PEL2 and MIL for 12 weeks 
following the 6 June application from 14 June through 29 August (Table 
3.2). PEL4 also provided turfgrass quality superior to RING on 6 rating 
dates from 14 June through 29 August. 
Following 6 June application, UREA applied at 49 kg N ha * provided 
higher turf quality than PEL2 and MIL until the 5 July rating (Table 
3.2.). The water soluble N characteristic of UREA provided a rapid 
increase in quality compared to PEL2, PEL4, MIL, and RING which first 
19 
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6 June application, PEL2 provided turfgrass quality superior to UREA and 
12-4-8 applied at 49 kg N ha-1. Pelletized sludge applied at 98 kg N 
ha-l provided long term turfgrass quality that is characteristic of 
slow-release N sources. Pelletized sludge applied at 196 kg N ha 1 
(PEL4), provided turfgrass quality superior to UREA and 12-4-8 four 
weeks after treatment from 5 July through 29 August. The 12-4-8 
treatment provided initial turf quality on 14 June superior to PEL2, 
PEL4, and MIL. As with urea, however, turfgrass quality rapidly 
declined so that PEL2, MIL, and 12-4-8 provided similar turf quality 
from 20 June to 18 July. The 12-4-8 fertilizer contained 58% fast- 
release nitrogen and 42% slow-release N. This N blend did not provide 
an effective long term turfgrass quality response so that from 18 July 
through 16 August and one month after 29 August application, PEL2 
provided turf quality superior to 12-4-8. 
Increasing sludge application from 98 to 392 kg N ha ^ usually 
increased turfgrass quality with no phytotoxic effects even at the 
highest rates (Table 3.2.). Although an excessive application of 
pelletized sludge, 294 and 392 kg N ha-1 (PEL6 and PEL8J, respectively) 
is not recommended, PEL4 provided similar turfgrass quality on four of 
seven rating dates from 14 June through 29 August. 
Following the 29 August application, UREA, PEL2, MIL, and RING 
provided similar turf quality. PEL2 provided turfgrass quality superior 
to 12-4-8 on 2 of 3 rating dates following 29 August. PEL4 provided 
turfgrass quality superior to PEL2, MIL, RING, and UREA on only 1 rating 
date from 29 August through 10 October. PEL4 also provided turfgrass 
quality similar to PEL6. The general lack of differences among 
21 
fertilized treatments; following 29 August, application can be 
attributed to cool, moist growing conditions ideal for turf quality as 
was observed for nonfertilized treatments. 
1992. Turfgrass quality from 21 March through 19 June 1992 in 
response to fertilizer programs is shown in Table 3.3. As during 1991, 
PEL2 provided turfgrass quality superior to nonfertilized plots 
throughout the season. Early spring green-up was noted from 21 March 
through 16 April. During this time period, PEL2 provided turfgrass 
quality similar to or better than both MIL and RING. 
UREA applied at 49 kg N ha-1 as part of a late season application 
on 21 November 1991 resulted in turf quality superior to PEL2, MIL, 
RING, and 12-4-8 from 21 March through 16 April. UREA also provided 
turfgrass quality similar to PEL4 on two of three rating dates from 21 
March through 16 April. It is likely that cool spring soil temperatures 
reduced the rate of mineralization (Miller, 1974) from slow-release N 
sources thus providing lower turfgrass quality than water soluble N 
sources. 
PEL4 rarely provided turfgrasB quality superior to PEL2 from 21 
March through 16 April. However, PEL4 provided turfgrass quality 
superior to both MIL and RING on two of three rating dates from 21 March 
through 16 April. Increasing pelletized sludge application from 196 - 
392 kg N ha-1 rarely provided an increase in turfgrass quality from 21 
March through 16 April. 
One week after 23 April application pelletized sludge applied at 98 
kg N ha-1 (PEL2) provided turfgrass quality superior to Milorganite and 
Ringer Lawn Restore applied at equivalent rates. As in 1991, PEL2 
22 
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provided long term turfgrass quality similar or better turfgrass quality 
than MIL and RING from 8 May through 27 August (Tables 3.3., 3.4.). 
Increasing the application rate of pelletized sludge to 196 kg N ha”1 
(PEL4) provided turfgrass quality superior to PEL2, on four of six and 
rating dates from 8 May through 20 July. However, PEL2 and PEL4 provided 
similar turfgrass quality from 30 July through 27 August. MIL and RING 
rarely provided turfgrass quality similar to PEL4 from 8 May through 27 
August. Therefore, if an optimum quality is desired apply pelletized 
sludge at 196 kg N ha-1. PEL6 or PEL8J rarely provided turfgrass quality 
superior to PEL4 from 8 May through 27 August. 
Following 23 April application through 8 May, UREA and 12-4-8 
provided turfgrass quality superior to PEL2, MIL, and RING. As the 
slowly-soluble N of PEL2, MIL, and RING began to release, however, 
turfgrass quality increased to a level similar to UREA and 12—4—8 one 
month following application. The fast-release but short term N supplied 
from both UREA and 12-4-8 was noted on 5 June when slowly soluble N 
sources PEL2, MIL, and RING provided superior turfgrass quality. To 
account for their short-term N supply to turfgrass, UREA and 12-4-8 were 
again applied on 11 June. However, from 5 June through 27 August, PEL2 
provided turfgrass quality similar to or better than UREA and 12—4—8. 
Frequent applications of slow-release pelletized sludge are not needed 
to provide long term turfgrass quality. In response to 11 June 
application, however, PEL4 provided quality superior to MIL and RING on 
three of five dates and five of five dates rated, respectively during 
the 3 July to 27 August period. 
25 
Pelletized sludge applied at 98 - 392 kg N ha”1, on 27 August 
provided similar turfgrass quality through 8 October. PEL2 provided 
turfgrass quality similar to or better than MIL, RING, and UREA from 10 
September through 8 October. As during 1991, ideal growing conditions 
following 27 August application prevailed which may have minimized 
treatment differences. 
Growth Response 
1991. Clipping yield during 1991 in response to fertilizer programs 
is shown in Table 3.5. PEL2 provided more growth than nonfertilized 
plots throughout 1991. Following 6 June application, PEL2 provided 
growth similar to slow-release sources N sources MIL and RING from 20 
June through 15 August. On 29 August, 12 weeks after 6 June application, 
PEL2 produced 21 and 10% more growth than MIL and RING, respectively. 
Pelletized sludge, therefore, provides more long term turf growth than 
equivalent rates of Milorganite and Ringer Lawn Restore. While UREA 
initially produced 26% more growth than PEL2 as determined on 20 June, 
average yields from 4 July through 29 August showed 12% greater yields 
in response to PEL2 versus UREA treatment. From 20 June through 4 July, 
PEL2 and 12-4-8 provided similar growth. From 18 July through 29 
August, however, PEL2 produced on average 38% more growth than 12-4-8 
because the slow-release N component of 12-4-8 and/or the lower 
application rate was not supplying adequate N compared to PEL2. While 
urea and 12-4-8 released N quickly and provided a rapid turf response, 
PEL2 released N slowly and provided long term turfgrass growth. 
From 20 June through 18 July, increasing pelletized sludge 
application to 196 kg N ha-1, from 20 June through 18 July, produced on 
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average 18% more growth than PEL2. PEL4, initially produced on average 
17% more growth than UREA from 20 June through 18 July. As expected, 
from 18 July through 29 August, PEL4 plots averaged 35% more growth 
than UREA. From 20 June through 29 August, increasing pelletized sludge 
from 196 - 392 kg N ha ^ usually provided increased clipping yields. 
Following 29 August application, clipping yields from all plots 
increased due to favorable climatic conditions. In fact, nonfertilized 
(CONT) plots produced on average 98% more growth throughout September 
than August. From 12 September through 10 October PEL2, MIL and RING 
provided similar clipping yields. Even though clipping yields from PEL2, 
UREA, and 12-4-8 were not significantly different, PEL2 produced on 
average 16 and 22% more growth than UREA and 12-4-8 from 12 September 
through 10 October. Clipping yields from PEL4 and PEL6 treatments were 
similar and always greater than PEL2 from 12 September through 10 
October. PEL4 and PEL6 resulted in significantly more growth throughout 
the fall than all other treatments except PEL8S and RING. It is 
important to note that so long as growth is sufficient to maintain 
density and quality, additional yield is not advantageous and in fact 
results in greater labor and fuel costs. 
1992. Clipping yield during 1992 in response to fertilizer programs 
is shown in Table 3.6. As during 1991, PEL2 provided clipping yields 
greater than nonfertilized plots throughout the season. Following 23 
April application PEL2, from 7 May through 13 August, provided greater 
clipping yields than MIL and RING applied at 98 kg N ha-1 on five of 
eight and two of eight sampling dates, respectively. As in 1991, PEL2 on 
average produced 25% and 31% more growth than MIL and RING on 27 
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August. Different types of sewage sludge (i.e. raw, primary treated, 
aerobically, etc.) have exhibited different mineralization rates 
(Sommers, 1983). Hagerstown pelletized sludge is primary treated sewage 
which may provide more nitrogen over an extended period than Milorganite 
which is an activated sewage sludge. 
Fast-release N sources, UREA and 12-4-8, provided greater clipping 
yields than PEL2 on 7 May. However, from 21 May through 4 June UREA, 
12-4-8, and PEL2 provided similar growth. Following application of urea 
at 49 kg N ha * on 11 June, growth from UREA treated turf was greater 
than PEL2 from 18 June through 16 July. From 30 July through 13 August, 
however, the initial burst of N from UREA had subsided so that UREA, 12- 
4-8, and PEL2 provided similar clipping yields. On 27 August, 18 weeks 
after treatment, PEL2 produced 7 and 39% more growth than UREA and 
12-4-8 as determined on 27 August. A fertilizer program, therefore, 
using slowly available N from pelletized sludge applied at 98 kg N ha-1, 
will provide slow initial but long-term uniform growth (Turgeon, 1991). 
In contrast, a quickly available N fertilizer program, such as urea 
applied at 49 kg N ha-1, will provide rapid but short-term growth, thus 
requiring frequent application. 
PEL4 provided greater clipping yields than PEL2, MIL, and RING from 
7 May through 27 August. PEL6 provided clipping yields greater than PEL4 
on 4 of 9 clipping harvests from 7 May through 16 July. PEL6 and PEL8J 
provided greater clipping weights than PEL8S from 7 May through 27 
August. From 21 May through 27 August, the two highest application rates 
of pellets, PEL6 and PEL8J (294 and 392 kg N ha-*, respectively) 
provided similar clipping yields. These findings are parallel with 
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Amundson and Jarrell (1983) who reported that increasing the application 
rate of aerobically digested sludge from 600 - 1200 kg N ha”1 did not 
significantly affect yield of bermudagrass (Cynodon dactylon L.). 
Following 27 August application, clipping yield from PEL2 and RING 
treatments were similar and rarely better than MIL from 10 September 
through 8 October. Fast-release N sources, UREA, and 12-4-8, also 
provided clipping yields similar to PEL2 from 10 September through 8 
October. Clipping yields from PEL4 and PEL6 treatments were similar and 
usually better than PEL2, from 10 September through 8 October. 
Pelletized sludge, therefore, applied at 98 or 196 kg N ha”1 once during 
April and again in August, will provide adequate to optimum uniform 
growth throughout the season. 
Nitrogen Uptake 
1991. Total Kjeldahl Nitrogen (TKN) leaf tissue resulting from 
fertilizer treatments for 1991 is shown in Table 3.7. Two weeks after 
treatment (WAT) all fertilizer programs resulted in significantly higher 
tissue N content than unfertilized turf. This trend continued through 
the 4 July evaluation (4 WAT), however, by 18 July only pellets applied 
at rates of 196 kg N ha-1 or higher (PEL4, PEL6, and PEL8J) and 
Milorganite provided a leaf tissue N content greater than the control. 
Pellets applied at 98 kg N ha”1 provided leaf tissue N similar to the 
other slow-release N sources (MIL and RING) throughout the season. 
While tissue N content of turf receiving Urea and 12-4-8 was 
significantly higher than the control where rated 8 WAT, these fast- 
release sources rarely provided higher N content during the remainder of 
1991. This is probably due to increased growth of fertilized tissue 
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resulting in a dilution of applied N with a result of no net difference 
in actual N concentration. PEL4 provided greater tissue N than fast- 
release sources on six of nine dates during 1991 while PEL2 resulted in 
tissue !f similar to fast-release sources throughout the season. Tissue N 
levels throughout 1991 were within commonly reported tissue values 
(Butler and Hodges, 1967; Turgeon, 1991). 
Table 3.7. Total Kjeldahl Nitrogen in leaf tissue during 1991. 
Rate 
kg H JUH JUL JUL AUG AUG AUG SEP SEP OCT 
Source* * ha"1 20 4 18 1 15 29 12 27 10 
mg N g 
-1 
PEL2 98 50 cd^ 39 de 45 bed 45 c 53 abc 51 c 50 cd 51 ede 42 de 
PEL4 196 55 b 43 c 48 abc 50 b 56 ab 53 be 61 ab 55 be 50 be 
PEL 6 294 63 a 50 b 52 a 53 ab 57 a 55 ab 65 a 58 ab 53 ab 
PEL8J 392 68 a 53 a 51 ab 54 a 57 a 56 a 53 c 49 def 43 de 
PELSS 392 49 cd 60 a 55 a 
MIL 98 48 cd 40 cd 45 be 47 c 53 abc 52 be 56 be 52 cd 45 d 
RING 98 52 be 42 cd 43 cd 46 c 53 abc 50 c 55 be 51 ede 45 cd 
UREA 49 49 cd 39 de 44 cd 45 c 49 cd 53 be 50 cd 48 ef 43 de 
12-4-8 49 46 d 37 e 42 cd 47c 50 bed 50 c 49 cd 47 41 de 
CONT 0 37 e 33 f 39 d 44 c 44 d 50 c 44 d 44 g 39 e 
F Test * * * * * * * * * 
t All fertilizers applied 6 June and 27 Aug. 1991. Urea and 12-4-8 
also applied on 21 Nov. 1991 
% Means within dates followed by the same letter are not significantly 
different at P-0.05 according to Duncan's Hew Multiple Range Test. 
* Significant at P-0.05. 
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Following the 29 August application, tissue from PEL2 plots and 
nonfertilized plots contained similar N levels. From 27 September 
through 10 October, however, leaf tissue from PEL2 plots contained more 
N than leaf tissue from CONT plots. As turf quality and growth declined 
(Tables 3.2. and 3.5.) from 27 September through 10 October, PEL2 
provided significantly higher quality and clipping yield than CONT. The 
low clipping yield from CONT treatments, however, concentrated tissue N 
at levels within the tissue N sufficiency range reported by Jones (1980) 
thus providing similar tissue levels on two of three dates from 9 
September through 10 October. Except for 20 June and 4 July 
observations, PEL4 and PEL6 provided similar tissue N concentrations 
throughout the season. Increasing pellet application from 294 (PELS) to 
392 (PEL8J) kg N ha-1 rarely increased the TKN of turfgrass tissue from 
20 June through 29 August. PEL8J was not applied on 29 August, as a 
result, PEL6 provided greater tissue N concentrations from 29 August 
through 10 October. 
1992. Total Kjeldahl Nitrogen in leaf tissue during from 1992 is 
shown in Table 3.8. Except on 30 July, PEL2 provided greater tissue N 
concentrations than tissue from CONT following 23 April application 
through 8 October. The additive effect of N applications of PEL2 from 
1991 through 1992 resulted in a greater tissue N level than the tissue N 
level from CONT plots. Moberg et al. (1970) also reported an increase in 
N recovery from residual N effects from natural organic fertilizers. As 
during 1991, PEL2, MIL, and RING provided similar tissue N levels 
throughout the season. Increasing pelletized sludge to 196 kg N ha-1 
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(PEL4) provided greater tissue N levels on eight of nine dates evaluated 
than PEL2 and MIL. 
The quickly soluble N from UREA provided a greater tissue N level 
than PEL2 two WAT on 7 May. However, tissue N then declined steadily 
until 11 June reapplication provided additional N for uptake. The slow- 
release N component of PEL2 provided relatively stable tissue N levels 
until the second application on 29 August. From 30 July through 8 
October, PEL2 and UREA provided similar tissue N levels. Except on 4 
June and 24 September, 12-4-8 provided tissue N levels similar to PEL2 
throughout 1992. Therefore, two applications of pelletized sludge 
applied at 98 kg N ha-1 will provide N tissue levels similar to four 
applications of urea and 12-4-8 applied at 49 kg N ha ^. As during 
1991, pelletized sludge applied at 196 kg N ha ^ (PEL4) provided greater 
tissue N than UREA and 12-4-8 on 7 of 9 dates evaluated. 
Increasing pelletized sludge from 98 - 294 kg N ha ^ increased 
tissue N levels from 7 May through 2 July. As during 1991, PEL6 and 
PEL8J provided similar tissue N levels from 7 May through 27 August. 
However, PEL6 provided greater tissue N levels than PEL8S from 7 May 
through 27 August. Following the 27 August application, from 10 
September through 8 October, PEL4, PEL6, and PEL8S provided greater 
tissue N levels than PEL8J. 
Summary 
Throughout the study pelletized sludge provided turfgrass quality 
and growth similar to other slow-release sources, Milorganite and Ringer 
Lawn Restore. Pelletized sludge applied at 98 kg N ha ^ provided uniform 
long term quality and growth compared to urea, applied at 49 kg N ha ^ 
35 
which provided rapid but short term quality and clipping yield. In order 
to maintain quality and growth similar to pelletized sludge, urea was 
frequently reapplied, which could result in greater labor and fuel costs 
for the turf care professional and/or homeowner. Pelletized sludge 
applied at 196 kg N ha 1 usually provided turfgrass quality and growth 
superior to pelletized sludge, Milorganite, and Ringer Lawn Restore 
applied at 98 kg N ha-1 through the study. 
Throughout 1991 and 1992, tissue N levels from nonfertilized turf 
contained were within a common range (Jones, 1980), but did not provide 
turfgrass quality or clipping yield similar to fertilized treatments. 
Pelletized sludge, Milorganite and Ringer Lawn Restore applied at 98 kg 
N ha-1 provided similar tissue N levels throughout the study. UREA 
usually provided greater initial tissue N levels than PEL2. However as 
with turfgrass quality and clipping yield, UREA provided tissue N levels 
similar to PEL2 through frequent reapplication. Pelletized sludge 
applied at 196 kg N ha-1 usually provided greater tissue N levels than 
pelletized sludge and Milorganite applied at 98 kg N ha-1. 
From 1991 and 1992 results, applying pelletized sludge at 98 to 196 
kg N ha"*1 will provide long term acceptable to optimum turfgrass quality 
and growth, respectively. 
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CHAPTER IV 
ASSESSING NITRATE IN SOIL AND SOIL SOLUTION FROM FERTILIZER 
APPLICATION TO TURFGRASS 
Introduction 
Environmental concern regarding nitrate leaching from nonpoint 
source pollution has increased in recent years. Gold et al. (1990) 
applied urea at 202 kg N ha-1 to silage corn and 50% urea plus 50% 
ureaform applied at 244 kg N ha"*^ to a Kentucky bluegrass/fine fescue 
mixture and reported that the seasonal average nitrate leaching 
concentration was 31 and 1.7 mg L-\ respectively. Unlike corn, 
turfgrass is not fertilized to acquire yield but, instead to maintain 
color, density and uniformity. On intensively managed golf course greens 
receiving 240 kg N ha-^, however, Cohen et al. (1990) reported that 
nitrate leaching averaged 5.7 mg L-^. As urban communities spread and 
golf course construction continues, the amount of fertilizer applied to 
turfgrass will increase and so will potential nitrate groundwater 
contamination. 
Many fertilizers have been tested for their potential use as 
turfgrass fertilizers (Hummel and Waddington, 1981). Fast-release 
nitrogen sources such as urea and slow release nitrogen sources such as 
IBDU (isobutylidene diurea) and activated sewage sludge have been used 
extensively in the turfgrass industry because of their ability to 
improve turfgrass growth and quality. 
The manner in which fertilizer becomes available to the turfgrass 
plant has been well documented (Beard, 1973; Petrovic, 1990; Turgeon, 
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1991). A fast release nitrogen source such as urea, rapidly breaks down 
in the soil via hydrolysis and nitrification into predominately nitrate 
(NO^ Although nitrate iB utilized by turfgraBs, it is an anion that 
has the potential to leach into surface or groundwater. In contrast, a 
slow-release nitrogen source such as activated sewage sludge, contains 
most nitrogen in organic form (Noer, 1926; Sommers, 1977) which must 
first be mineralized into inorganic ammonium (NH4+) before it can be 
utilized by the turfgrass plant. Once in the inorganic form, however, 
NH4+ can be nitrified to NO^- and subsequently leach. 
The use of sewage sludge as a fertilizer has increased in an effort 
to reduce reliance on traditional avenues of disposal and the 
environmental problems associated with those traditional avenues. 
Pelletized sewage sludge, which resembles a granular fertilizer, is 
produced or will be produced by many municipalities across the country. 
The objective of this study was to evaluate the potential environmental 
impact of pelletized sewage sludge as a turfgrass fertilizer by 
monitoring nitrate accumulation in soil and nitrate content in the soil 
solution. 
Hethpdg a.nfl Materia;? 
This experiment was conducted from 6 June 1991 - December 1992 at 
the University of Massachusetts Turfgrass Research Center in South 
Deerfield, MA. Fertilizer rates and treatments are outlined in the 
chapter three (Table 3.1.). 
The soil had a pH of 6.0 and a CEC of 10.8 and a organic matter 
content of 1.6%. Soil cores were removed from each plot on 5 June, 27 
August, 9 November during 1991, and on 15 April, 11 June, 7 August, and 
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19 November 1992. Cores were obtained using a "JMC Backsaver N-3 
Handle" with a plastic liner (45.5 cm x 2.15 dia.) (Forestry Suppliers, 
INC., Jackson, MS) that fit inside the sampler allowing uncontaminated 
cores to be collected. Soil samples were then capped using polyethylene 
caps and placed in a freezer at -10°C until analysis. 
Frozen samples were separated into 0-5, 5-10, 10-20, and 20 - 
30 cm increments and oven dried at 70°C for 48 hours. Oven dried samples 
were then ground to pass through a #140 sieve and analyzed for nitrate 
using the method of Mills (1992). 
Suction lysimeters were installed in each plot prior to initial 
fertilization to monitor soil solution nitrate levels. Lysimeters were 
constructed of 6.1 cm x 3.8 cm dia. porous ceramic cups [2 bar standard] 
(Soil Moisture Equipment Company, Santa Barbara, CA) attached to 3.8 cm 
dia. x 30.5 cm PVC pipe. Two pieces of lexan tubing 28 cm x 0.6 cm o.d. 
and 0.6 cm o.d. x 7.6 cm were placed into a double holed no. 9k rubber 
stopper and inserted into the lysimeter. Two 10.2 cm x 0.48 cm pieces of 
Tygon tubing with pinch clamps were attached to the lexan tubing. This 
arrangement allowed soil solution to be collected from a depth of 
approximately 30 - 34 cm. 
Soil solution was collected at intervals of two weeks or less from 
fall of 1991 through 1992. Vacuum on each lysimeter was set to 
approximately 0.33 bar using a hand operated vacuum pump (Fischer 
Scientific Part No. 54903-820). Soil solution was sampled,approximately 
24 hours after vacuum was applied. One vial from each plot was stored 
frozen at -10°C until analyzed for nitrate. Nitrate concentrations were 
determined using a Technicon Auto Analyzer II (Technicon Industrial 
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Systems), Tarrytown, N.Y. according to the cadmium reduction method 
(Clesceri, 1989). 
Statistical Analysis 
The field experiment was conducted using a completely randomized 
design with four replicates of each treatment. Data were evaluated with 
an analysis of variance (ANOVA) using the Statistical Analysis System 
(SAS Institute, Inc., 1989). If the ANOVA F-test indicated that 
fertilized source effects were significant, means were separated using 
Duncan's New Multiple Range Test. Soil data were also subjected to a T- 
test using the Statistical Analysis System (SAS Institute, Inc., 1989). 
Results and Discussion 
Soil Solution Nitrates 
1991. Soil solution nitrate content from 10 July 1991 - 10 December 
1991 in response to fertilizer treatments is presented in Table 4.1. 
Following the initial 6 June application, soil solution nitrate did not 
increase significantly when sampled during July and August compared to 
nonfertilized turf. Following 29 August application, the highest nitrate 
content detected during 1991 occurred on 12 October in response to 
application of pellets at 294 kg N ha-1 (PEL6) and 392 kg N ha-1 
(PEL8S). During the 24 h preceding 12 October sampling, 28 mm of 
rainfall was received. This rainfall as well as the fact that PEL6 was 
applied twice within three months for a total of 598 kg N ha 1 resulted 
in the highest nitrate concentration observed during 1991: 3.78 mg N L 1 
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maximum drinking water standard of 10.0 mg N L~^. PEL4 and PEL8S also 
showed elevated nitrate levels on 12 October compared to all other 
treatments. It is interesting to note that even when applied at 
Table 4.1. Soil solution nitrate content from 10 July 1991 through 10 
December 1991. 
Rate JUL AUG OCT NOV NOV NOV DEC 
Source^ kg N ha-1 10 12 12 9 14 27 10 
mg N L~ 
1 
PEL2 98 0.10 0.06 0.37 b* 0.19 0.03 0.03 b 0.10 
PEL4 196 0.02 0.33 1.77 ab 0.22 0.07 0.0 b 0.08 
PELS 294 0.07 0.98 3.78 a 0.00 0.11 0.15 b 0.11 
PEL8J 392 0.23 1.70 0.47 b 0.08 0.02 0.08 b 0.27 
PEL8S 392 — — 2.28 ab 0.21 0.26 0.28 b 2.77 
MIL 98 0.01 0.16 0.5 b 0.17 0.02 0.02 b 0.05 
RING 98 0.0 0.14 0.24 b 0.2 0.01 0.01 b 0.04 
UREA 49 0.02 0.2 0.06 b 0.1 0.04 0.77 a 0.88 
12-4-8 49 0.04 0.3 0.03 b 0.06 0.02 0.03 b 0.07 
CONT 0 0.01 0.42 0.07 b 0.14 0.13 0.03 b 0.84 
F Test NS NS * NS NS * NS 
t All fertilizers applied 6 June and 21 ' Aug. 1991 . Urea and : 12- •4-8 
also applied 21 Nov. 1991. 
$ Means within dates followed by the same letter are not statistically 
different at P=0.05 according to Duncan's New Multiple Range Test. 
NS, * Nonsignificant and significant at P=0.05, respectively. 
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excessive rates (294 or 392 kg N ha-1) pelletized sludge did not yield 
dramatic increases in soil solution nitrates. After the late season 
application on 21 November, however, UREA contained a greater soil 
solution nitrate concentration than either 12-4-8, PEL2, MIL, RING and 
CONT. The nitrate concentration, however, was 0.77 mg N L-1 which is 
well below the maximum nitrate drinking water standard. These findings 
are similar to Gross et al. (1990) who applied urea at 220.5 kg N ha-1 
yr-^ to tall fescue/Kentucky bluegrass on a fine sandy loam and reported 
that nitrate leaching ranged from 0 - 3.2 mg N L-1. Pelletized sludge 
from Hagerstown, Maryland contains 98% organic N (Kusso, W.R., 1991, 
Personal Communication) which must be mineralized by soil micro¬ 
organisms into inorganic N forms before it can be taken up by turfgrass 
or leach. The rate of mineralization is directly influenced by soil 
temperature and moisture. Even though the amount of rain increased 
during the fall which would increase nitrate leaching, air and soil 
temperature decreased and reduced the rate of mineralization and 
potential nitrate leaching. 
1992. Soil solution nitrate content in response to fertilizer 
applications during 1992 is shown in Tables 4.2. and 4.3. Soil solution 
samples were collected in early April to monitor nitrate leaching from 
29 August 1991 treatments as well as a late season UREA and 12-4-8 
application made on 11 November 1991. On 3 April and 15 April samplings, 
UREA resulted in greater soil solution nitrate levels than all 
treatments except PEL6 and the 29 August 1991 application at 392 kg N 
ha-1 (PEL8S). PEL6 and PEL8S provided elevated solution nitrate 
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times more nitrogen than UREA, respectively. The 1991 late season 
application of urea, however, did not increase soil solution nitrates 
above 3.4 mg N L”1 prior to 23 April application. PEL2, PEL4, MIL, RING, 
and 12-4-8 provided soil solution nitrate levels similar to untreated 
turf on 3 April and 15 April. 
One week following 23 April application, PEL2, PEL4, MIL, RING, and 
12-4-8 continued to provide soil solution nitrate levels similar to 
untreated turf. In fact, as during 1991, PEL2 and PEL4 provided nitrate 
concentrations that rarely exceeded 2.0 mg N L-^. Brown et al. (1982) 
reported that applying Milorganite and IBDU at 146 kg N ha-1 and 
irrigating with 1 cm water daily between May and September that solution 
nitrate concentrations never exceeded 2.0 mg N L~^. Cohen et al. (1990) 
also reported that nitrate concentrations declined using lower 
application rates and slow-release N sources. 
On 29 April, UREA continued to provide elevated soil solution 
nitrate concentrations along with rates of pellets of 196 kg N ha-1 and 
higher. Within a 10-month-period (6 June - 23 April) , PEL4, PEL6 and 
PEL8J resulted in the application of 588, 882 and 784 kg N ha-1, 
respectively. Despite these heavy application rates solution nitrate 
concentrations did not exceed 4.0 mg L~*. 
Supplemental irrigation was rarely used during 1992 because of 
cool air temperatures and moderate rainfall which promoted satisfactory 
turfgrass growth. From 13 May through 11 November, PEL2, PEL4, MIL, 
RING, UREA, and 12-4-8 provided soil solution nitrate levels similar to 
unfertilized turf. Nitrate concentrations for those programs from 13 May 
through 11 November rarely exceeded 1.0 mg L-1. Other researchers have 
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reported that after applying urea at 244 kg N ha”1 to a Kentucky 
bluegrass/fine fescue mixture for two years, average nitrate leaching 
never exceeded 1.7 mg N L_1 (Gold et al., 1990). 
During 1992, pellets applied at 294 kg N ha 1 per application 
(PEL6) consistently resulted in elevated soil solution nitrate 
concentrations on dates when differences among treatments were observed. 
Professionals in the turfgrass industry commonly apply between 196 to 
294 kg N ha 1 yr 1. Following 27 August 1992 application, PEL6 had 
provided 1,176 kg N ha”1 in 14 months. Even with the excessive applica¬ 
tion, nitrate leaching never exceeded 10.0 mg N L”1. When at least 4.1 
cm of rain was received from 9 October - 20 October, however, nitrate 
leaching from PEL6 was excessive. Soil solution nitrate averaged 2.72 
mg N L_1 for PEL6 during 1992 compared to 0.2 mg N L”1 for unfertilized 
plots. From 23 June through 21 October, the PEL6 program resulted in 
soil solution nitrate levels significantly greater than all other treat¬ 
ments, except PEL8 treatments, on seven of nine observation dates. 
Nitrate leaching from PEL6 application reached an unacceptably high 
level (9.5 mg N L_1) only on 21 October following receipt of 4.1 cm of 
rainfall from 9-20 October. As during 1991, pelletized sludge applied 
at 392 kg N ha”1 did not yield dramatic increases in soil solution 
nitrates. Likely, the low nitrate concentrations are related to the 
slow-release organic nitrogen (Brown et al., 1982; Cohen et al., 1990). 
Soil Nitrate 
1991 and 1992. Soil nitrate concentrations' at 0 - 5 and 5 - 10 cm 
depths in response to fertilizer treatments from 25 August 1991 through 
19 November 1992 are shown in Table 4.4. Few differences in soil nitrate 
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concentration with depth were noted from 25 August 1991 through 19 
November 1992. When differences did occur, however, soil from 0 - 5 cm 
usually contained more nitrate than soil from the 5 - 10 cm depth. Since 
fertilizer treatments were surfaced applied the 0 - 5 cm soil depth 
would be expected to contain a greater nitrate concentration than the 5 
- 10 cm soil depth. 
Turfgrasses typically exhibit greater root density at 0 - 5 cm than 
5 - 10 cm depth so that nitrate absorption in the upper 5 cm would be 
expected to diminish the amount of nitrate available to lower depths. 
After the 27 August 1992 application, for example, PEL4 and PEL 6 
provided a cumulative total of 784 and 1,176 kg N ha-1 in 14 months, 
respectively. Even so, on 19 November soil from 0 - 5.0 cm depth of both 
PEL4 and PEL6 treatments contained greater soil nitrate levels than the 
5 - 10 cm soil depth. The lack of significant source effects may be 
attributed to the limited number of samples collected from each plot. 
A comparison of soil nitrate concentrations among treatments by 
depth from 25 August 1991 through 19 November 1992 is shown in Table 
4.5. Soil nitrate content varied significantly among treatments on three 
of six sampling dates. PEL2, PEL4, MIL, RING, UREA, and 12-4-8 provided 
soil nitrate concentrations similar to untreated plots from 25 August 
1991 through 19 November 1992. On 9 November 1991, PEL6 showed 
significantly elevated nitrate levels compared to most other treatments. 
On 11 June, PEL6 and PEL8J applications resulted in significantly 
greater soil nitrate concentrations than all treatments except UREA and 
PEL4. PEL6 continued to result in elevated soil nitrate concentrations 
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in the upper 5 cm of soil on 19 November 1992 when PEL6 levels were 
greater than all other treatments. 
Summary 
Nitrate leaching from fertilizer applications to turfgrass was 
monitored to assess potential groundwater contamination. Nitrate 
leaching from cumulative N applications of pelletized sludge as high as 
292 and 392 kg N ha ^ resulted in average soil solution nitrate contents 
of 1.96 and 1.86 mg N L respectively. Pelletized sludge, Milorganite 
and Ringer Lawn Restore applied twice a year at 98 kg N ha-1 provided 
similar soil solution nitrate concentrations during 1991 and 1992. 
Applying pelletized sludge at a recommended rate of 98 - 196 kg N ha-1 
provided soil solution nitrate concentrations similar to nonfertilized 
plots during 1991 and 1992. Nitrate concentrations from the Milorganite 
application never exceeded 5.0 mg N L-1 and was undetectable 14 days 
after treatment. Therefore, applying pelletized sludge at 98 - 196 kg N 
ha”l will reduce potential nitrate leaching. 
The highest rate of sludge application (392 kg N ha-1) provided 
soil nitrate concentrations similar to nonfertilized plots on 11 of 12 
dates between 25 August 1991 and 19 November 1992. The lack of 
significant source effects may be attributed to the numerous avenues 
from which inorganic NH4+ can be utilized by the soil-plant community. 
As NH4+ is mineralized it can be taken up by the turfgrass plant, stored 
in the soil, and/or can be nitrified into NO^ . Nitrate can then be 
denitrified, leach, and/or taken up by turfgrass. 
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CHAPTER V 
HEAVY METAL DISTRIBUTION FOLLOWING SLUDGE 
PELLET APPLICATION TO TURFGRASS 
Introduction 
Golf courses and other turfgrass areas offer a large potential for 
sewage sludge disposal. Turfgrasses require many of the nutrients 
normally present in sludge while providing an area for disposal. In 
order to stimulate sewage sludge fertilization of turfgrass, however, 
public concern regarding possible heavy metal pollution must be 
addressed. 
Heavy metals typically show increased mobility as pH declines, if 
organic matter is limiting, or when soil CEC is low (Elliot et al., 
1990). In the Northeast, turfgrass is usually grown on soil with pH 
values ranging from 5.5 to 7.0. Organic matter, which is produced by a 
healthy turf, has been shown to increase CEC and restrict mobility of 
heavy metals. (Elliot et al., 1990; Alloway, 1990). 
Schirado, et al. (1986) studied a calcareous soil that had been 
irrigated with untreated municipal sewage for over 50 years. They 
reported that extractable cadmium (Cd), cobalt (Co), copper (Cu), 
manganese (Mn), nickel (Ni) and zinc (Zn) were uniformly distributed 
throughout the soil profile indicating downward movement of metals 
rather than accumulation in the cultivated layer. When Valdares et al. 
(1983) compared calcareous and noncalcareous soils, they reported 
greater Cd, Cu, Ni and Zn concentrations in calcareous soil. Therefore, 
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plant availability of heavy metals is increased in noncalcareous soils. 
Chang et al. (1984) studied soil accumulation of Cd, chromium (Cr), Cu, 
Ni, lead (Pb), and Zn in 15 cm soil increments following six years of 
continuous sludge application to crop land. More than 90% of applied 
metals remained in the upper 15 cm with no significant movement into the 
15-30 cm layer. Although heavy metal uptake by winter barley (Hordeum 
vulgare L. ) increased with increasing application rates, levels of 
uptake were less than 1% of applied heavy metals. Furthermore, Lake et 
al. (1984) reported that metals exist predominantly in the solid phase 
within soil and that soluble and exchangeable species available for 
plant uptake represent less than 10%. 
The objective of this research was to monitor the environmental 
impact of pelletized sludge application to turfgrass by assessing heavy 
metal leaching in soil solution, plant uptake of heavy metals, and heavy 
metal migration in soil. 
Methods and Materials 
Field studies were conducted on a mixture of Kentucky bluegrass [Poa 
pratensia (L.) Baron] and perennial ryegrass (Lolium perenne (L.) 
Manhattan II] growing on a Hadley silt loam soil (coarse-silty, mixed, 
nonacid, mesic Typic Udifluvent-variant infrequently flooded) at the 
University of Massachusetts Turfgrass Research Center in South 
Deerfield, MA. The soil had a pH of 6.0 and a CEC of 10.8 and a organic 
matter content of 1.6%. Fertilizer rates and application dates are 
described in Chapter III, Table 3.1. 
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Soil solution samples were obtained for analysis of heavy metal 
leaching using suction lysimeters as described in Chapter III. Following 
collection of soil solution, nitric acid was added to the samples to 
lower pH to less than 2 in order to prevent precipitation of heavy 
metals, adsorption to vial surfaces and complexing with soluble organic 
matter. Samples were then stored in capped 20 ml scintilation vials 
until analysis. An ICP-AES Jarrell Ash Model 995 (Thermo Jarrell Ash, 
Franklin, MA) was used for analysis of heavy metals. Soil cores were 
taken from each plot using a "JMC Backsaver N-3 Handle" (Forestry 
Suppliers, INC., Jackson, MS) with 1.9 * 40.6 cm plastic sleeves that 
fit inside the core chamber allowing undisturbed samples to be taken for 
heavy metal analysis. Soil samples were separated at 0-5, 5-10, 10-20, 
and 20-30 cm increments placed into brown paper bags and air dried at 
room temperature. Aluminum (Al), boron (B), Cd, Cu, Cr, molybdenum (Mo), 
Mn, Ni, Pb, and Zn were analyzed as described by Martin et al. (1992). 
Clippings were harvested biweekly during the growing season by 
making one pass lengthwise through each plot taking a 45.7 cm x 3.0 m 
swath with a reel mower at 3.8 cm height. Clippings were oven-dried at 
70 °C for 2 days and then weighed. 
To monitor plant uptake of heavy metals, clippings were ground 
through a Wiley Mill to pass a 20 mesh screen and stored in manila 
envelopes until analyzed. An ICP-AES Jarrell Ash Model 995 was used to 
analyze heavy metal content of clippings according to a dry ashing 
technique described by Greweling, T. (1976). 
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Statistical Analysis 
Data were evaluated with an analysis of variance (ANOVA) using the 
Statistical Analysis System (SAS Institute, INC., 1988). If the ANOVA F- 
TEST indicated that fertilizer source effects were significant, means 
were separated using Duncan's New Multiple Range Test. 
Results and Discussion 
Soil Solution Metals 
Aluminum concentration of soil solution during 1992 in response to 
the various fertilizer programs is listed in Table 5.1. Throughout 1991 
soil solution concentrations from unfertilized (CONT) plots varied from 
1.9 - 218 /L/g ml-1. Sample acidification resulted in degradation of 
aluminum cap liners and elevated soil solution A1 concentrations for 
1991. Had 1991 soil solution A1 concentrations been accurate, a notable 
decline in shoot and root growth, and competitive ability would have 
been observed in the field (Mengel & Kirkby, 1982). 
During 1992 soil solution A1 concentrations among fertilizer 
treatments were consistent. Soil solution A1 concentration declined as 
expected during 1992 as samples were stored in caps without A1 liners 
Throughout the study, however, no fertilizer program generally resulted 
in solution A1 levels significantly higher than untreated turf. On 
24 November 1992, after a total of 23,520 kg pelletized sludge ha-1 of 
(PEL6) was applied, soil solution A1 concentrations for all treatments 
were similar to unfertilized turf. 
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Table 5. 1. Soil solution aluminum concentration during 1992. 
Source^ 15 Apr 23 Jun 22 Jul 6 Aug 9 Sep 23 Sep 6 Oct 24 Nov 
PEL2 0.6 1.6 6.4 0.3 abc* 0.3 0.2 0.3 0.0 
PEL4 0.0 0.8 0.3 0.1 c 0.1 0.1 0.3 0.9 
PEL6 0.0 0.7 0.3 0.1 c 0.4 0.1 0.6 0.1 
PEL8J 1.1 1.0 0.4 0.3 abc 0.5 0.2 0.2 0.1 
PEL8S 0.5 1.8 0.1 0.6 a 0.6 0.1 0.5 0.0 
MIL 3.3 0.4 0.9 0.5 ab 0.3 0.1 1.8 0.0 
RING 0.1 1.0 0.2 0.3 abc 0.4 0.1 0.2 0.0 
UREA 1.1 1.1 0.4 0.1 c 0.4 0.1 3.7 0.0 
12-4-8 0.1 0.7 1.0 0.2 abc 0.6 0.3 0.2 0.0 
CONT 1.2 1.4 0.4 0.3 abc 0.5 0.1 1.9 0.0 
F Test NS NS NS * NS NS NS NS 
t All fertilizers applied 6 June and 29 Aug. 1991 and 23 Apr. and 
27 Aug 1992. Urea and 12-4-8 also applied 22 Nov. 1991, 11 June 
and 19 Nov. 1992. 
t Means within dates followed by the same letter are not 
statistically different at P=0.05 according to Duncan's New 
Multiple Range Test. 
NS, * Nonsignificant and significant at P=0.05, respectively. 
Soil solution B, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb and Zn 
concentrations during 1991 and 1992 in response to the various 
fertilizer programs are shown in Appendix A (Tables A. 1 .-A.10.). Of 
these elements; o
 
a
 
o
 
n
 
Fe, Mo, Ni , Pb, and Zn were never detected at 
levels significantly greater than unfertilized turf on any sampling 
during the study. It is interesting to note that Cd and Cr, two of the 
more toxic heavy metals, were normally present in amounts below the 
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level of detection (0.003 and 0.007 /ig ml-1,respectively). This shows a 
lack of movement especially since Cr levels were particularly high for 
MIL. 
Boron, Cu, and Mn solution concentrations were occasionally elevated 
in response to certain fertilizer programs. On 22 July 1992, all pellet 
treatments of 196 kg N ha 1 or more and MIL provided significantly 
greater solution B than all other treatments. By 6 August, no B level 
was greater than control. When significant source effects occurred for 
Cu and Mn, pelletized sludge applied at 294 or 392 kg N ha-1 (PEL6 and 
PEL8J,S, respectively) rarely provided greater soil solution Cu and Mn 
concentrations than that of nonfertilized plots. Maximum contaminate 
levels (MCL's) allowed in drinking water have been established for each 
element except B and Mo (Appendix A; Table A.I.). Soil solution 
concentrations, for the elements analyzed rarely exceeded the MCL for 
drinking water. When MCL’s were exceeded, soil solution from CONT plots 
also exceeded the maximum levels. Similarly, Hue et al. (1988) reported 
that application of anaerobically digested sewage sludge at 0 - 180,000 
kg ha-1 to soil resulted in Cd, Cu, Fe, Ni, and Zn levels below the 
detection limit of 0.01 mg L-1. 
The total metal loading in response to pelletized sludge application 
during 1991 and 1992 is listed in Table 5.2. PEL6 application supplied 
the most fertilizer (1,176 kg ha""1), and therefore, the greatest loading 
of heavy metals in each year. PEL6, however, rarely provided soil 
solution metal concentrations greater than those of the unfertilized 
plots' soil solution. It has been reported that CEC, organic matter and 
near neutral soil pH, reduce mobility and availability of heavy metals 
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in soil solution (Elliot, 1990). Emmerich et al. (1982) performed a 
sequential extraction of soil amended with sewage sludge containing Cd, 
Cu, Ni and Zn, and reported that the largest percentage of each metal 
was in organically bound, carbonate, or residual form. These more stable 
forms of heavy metal are less likely to dissociate and become available 
for uptake or leaching. 
Table 5.2. Cumulative loading rates for each element at the end of the 
study. 
Element PEL2 PEL4 PEL6 PEL8J,S MIL CPLR^ 
- CT hfl ^ lrci ha ^ 
Arsenic 4.6 9.3 13.9 9.3 41 
Boron 381.8 763.6 1145.0 763.6 — § • • 
Cadmium 10.0 20.0 30.0 20.0 52.3 39 
Chromium 184.0 368.4 552.4 368.4 28094.0 3000 
Copper 2540.0 5080.4 7620.4 5080.4 1699.0 1500 
Lead 40.7 81.5 122.2 81.5 1110.7 300 
Mercury 8.5 17.0 25.5 17.0 — 17 
Molybdenum 66.0 132.0 198.0 132.0 65.3 18 
Nickel 100.4 200.4 300.8 200.4 281.0 420 
Zinc 3465.3 6930.6 10395.9 6930.6 3593.4 2800 
t Cumulative Pollutant Loading Rate for each element. 
Chapter 1, title 40 of the Code of Federal Regulations Part 503- 
Standards for the use or disposal of sewage sludge. 
t Concentration below detection limit. 
§ Pollutant concentration not established. 
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Heavy Metal Uptake 
Tissue uptake of B during 1991 and 1992 in response to the various 
fertilizer programs is listed in Table 5.3. Throughout 1991, PEL2, MIL, 
RING, UREA and 12-4-8 provided similar B tissue concentrations which 
were rarely different than nonfertilized (CONT) turf. Pelletized sludge 
applied at 98 - 392 kg N ha"1 generally provided similar B tissue 
concentrations during 1991. 
From 7 May through 4 June 1992, unfertilized turf contained B levels 
similar or greater than all other treatments. Following 11 June 
application, PEL4 and PEL6 programs resulted in significantly elevated 
tissue B compared to the control. Following the 27 August application, 
CONT plots contained greater tissue B concentrations than most other 
treatments. This is probably due to increased growth of fertilized turf 
resulting in a dilution of applied B and tissue B concentrations similar 
to nonfertilized plots (CONT). 
PEL2 and PEL4 provided similar tissue B concentrations and were 
rarely higher than MIL from 9 September through 8 October. Increasing 
the application rate of pelletized sludge rarely increased tissue B 
concentration during 1992. Throughout the study, tissue B concentrations 
for all treatments were similar to commonly reported tissue levels 
(Butler and Hodges, 1967). 
Copper content during 1991 and 1992 in response to fertilization is 
listed in Table 5.4. During 1991, all sludge pellet treatments, MIL and 
RING resulted in significantly greater tissue Cu on all sampling dates 
than unfertilized turf. The fast release fertilizers, (UREA and 12-4-8) 
provided greater Cu content than the control on five of six sampling 
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dates during 1991. PEL2 and MIL provided similar tissue Cu 
concentrations on all dates during 1991 and similar to RING from 1 
August through 10 October. On 20 June and 4 July, UREA and RING provided 
greater Cu tissue levels than PEL2 and MIL. The greater tissue Cu 
concentration from UREA and RING was due to vigor rather than Cu 
provided by fertilizer. Emmerich et al. (1982) reported that Cu within 
sewage sludge has a high affinity for organic matter which complexes Cu. 
These results support those of Kiemnec et al. (1987) who reported that 
applying NI^NO^ at 220 kg N ha-1 resulted in Cu concentrations higher 
than equivalent rates of sewage sludge. Increasing pelletized sludge 
rates from 98 - 294 kg N ha-1 increased tissue Cu concentrations from 20 
June through 4 July. This rate effect dissipated quickly so that from 1 
August through the end of the season tissue Cu content varied little 
with rate. 
With the exception of PEL2, MIL, and RING on 7 May, all fertilizer 
treatments produced a tissue Cu content significantly greater than 
untreated turf on every sampling date during 1992. Application of PEL2 
produced tissue Cu levels greater than MIL and RING on 2 July and 24 
September and similar levels on all other dates. Tissue Cu uptake in 
response to urea was similar to 1991, providing equal or greater tissue 
Cu concentrations than PEL2 and MIL from 7 May through 24 September. 
Tissue Cu was strongly related to pellet application rate not 
immediately following application but approximately five to six weeks 
after treatment. Thus, tissue Cu concentration seems to be more strongly 
related to increased uptake in vigorous turf rather than to the Cu 
content of sewage sludge. This assessment supports the findings of 
61 
Mengel and Kirkby (1982), who reported that copper uptake was 
metabolically driven. Throughout 1991 and 1992, tissue Cu concentrations 
from the highest rate, PEL6 - PEL8J,S never accumulated to toxic levels 
within the leaf tissue. Tissue Cu concentrations during the study for 
all treatments were similar to commonly reported tissue Cu 
concentrations (Butler and Hodges, 1967) and within a turfgrass 
sufficiency range suggested by Jones (1980). 
Tissue uptake of Mn during the study in response to fertilizer is 
given in Table 5.5. Pellet application as low as 98 kg N ha-1 
consistently resulted in tissue Mn concentrations greater than 
unfertilized turf during 1991. MIL provided tissue Mn concentrations 
similar to RING treatment on all dates during 1991 and provided uptake 
similar to PEL2 on three of five dates evaluated. 12-4-8 provided tissue 
Mn concentrations equal to or better than PEL2 and PEL4 throughout 1991. 
Urea treated turf and unfertilized turf showed similar tissue Mn 
concentrations throughout the year even though UREA provided greater 
clipping yields than CONT throughout 1991. Tissue Mn concentrations did 
not seem to be closely related to pellet application rate. From 21 May 
through 2 July 1992, pellet application at all rates resulted in tissue 
Mn greater than nonfertilized turf. This response was not evident from 
13 August through 8 October, when only PEL6 application increased tissue 
Mn concentration. Even though CONT treatment resulted in lower clipping 
yields than PEL2, tissue Mn concentrations were similar. PEL2 provided 
Mn uptake similar or greater than MIL and RING on all sampling dates. 
Unlike tissue Cu concentration which is related to turf vigor, Mn is 
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considered relatively immobile in plants even though turf vigor has 
increased due to fertilization (Mengel and Kirkby, 1982). 
It is interesting to note that on 11 of 13 application dates during 
the study, 12-4-8 treated turf showed Mn content significantly greater 
than that observed in response to urea treatment. In fact, 12-4-8 
treated turf showed the highest Mn content on 12 of 13 dates while urea 
resulted in the lowest Mn content on all sampling dates. Even though in 
both 1991 and 1992 applying pelletized sludge generally increased tissue 
Mn concentrations, the concentrations for all treatments were similar to 
commonly reported tissue values (Butler and Hodges, 1967). 
Tissue uptake of Mo during 1991 and 1992 in response to the various 
fertilizer programs is listed in Table 5.6. Throughout 1991, PEL2 - 
PEL8J, provided similar Mo tissue concentrations regardless of 
application rate. Nonfertilized turf maintained a Mo tissue content 
similar to or greater than MIL, RING, UREA, and 12-4-8 on dates during 
1991. The similar tissue Mo concentrations are most likely related to 
adequate soil Mo provided by background soil levels (10 mg kg-1). PEL2 
tissue Mo was similar to that of MIL on four of five dates and 
significantly greater than tissue Mo levels of RING on four of five 
dates during 1991. 
Following 23 April 1992 application, PEL2 provided greater Mo tissue 
concentrations than MIL and RING on all dates. PEL2 and MIL treatments 
applied similar levels of Mo throughout 1991 and 1992 (Table 5.6.). As 
during 1991, increasing rates of pelletized sludge rarely increased Mo 
tissue concentrations during 1992. Nonfertilized turf maintained tissue 
Mo levels equal to or significantly greater than MIL, RING, and 12-4-8 
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during 1992. UREA provided greater tissue Mo concentrations than 
nonfertilized turf from 13 August through 8 October. Tissue Mo 
concentrations, therefore, may be related to turf vigor (Chapter III). 
Throughout the study, tissue Mo concentrations for all treatments, were 
in the range of commonly reported tissue levels. (Butler and Hodges, 
1967). 
Zinc content of leaf tissue during the study is listed in Table 5.7. 
There were few significant source effects during 1991. Two weeks after 
treatment (WAT) on 20 June, all pellet applications, RING and UREA 
provided greater tissue Zn concentrations than nonfertilized turf. PEL2 
and the fast-release sources (UREA and 12-4-8) provided similar tissue 
Zn concentrations throughout 1991. 
During 1992, PEL2 provided greater tissue Zn concentrations than 
CONT treatment on only 2 of 8 dates evaluated. In contrast, Kiemnec et 
al. (1987) reported a significant increase in tall fescue leaf tissue Zn 
concentration from sludge application at 0 - 880 kg N ha-1 yr-1 compared 
to the control. The Zn concentration in their anaerobically digested 
sewage sludge was 1370 mg kg-1 which is greater than the Zn 
concentration supplied by either pelletized sludge (442 mg kg-1 or 
Milorganite (550 mg kg-1) 
PEL2, MIL, RING, UREA, and 12-4-8 provided generally similar tissue 
Zn concentrations throughout the 1992 season. Increasing the rate of 
pelletized sludge usually increased tissue Zn concentration. Tissue Zn 
concentrations therefore. may be related to turf vigor 
fertilization. Throughout 1991 and 1992, Zn concentrations 
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comparable to typical Zn tissue concentrations (Butler and Hodges, 
1967). 
Tissue uptake of Fe and A1 during 1991 and 1992 in response to 
fertilization is given in Table 5.8. and 5.9., respectively. The value 
of supplemental iron fertilization in improving turfgrass quality has 
been well documented. Although both pelletized sludge and Milorganite 
contain substantial Fe (1 and 5.3%, respectively), no meaningful 
increase in tissue Fe could be attributed to fertilization. During 1992, 
nonfertilized turf maintained significantly more tissue Fe than 
fertilized turf on all dates when statistical differences occurred. The 
lower clipping yields associated with unfertilized turf (Chapter III) 
may have resulted in concentration of Fe in CONT leaf tissue. 
Tissue A1 content during 1991 was not affected by fertilizer source 
on four of six observation dates (Table 5.9.). On dates when significant 
differences did occur, no meaningful trends were evident. During 1992, 
unfertilized turf consistently maintained the greatest tissue A1 levels. 
CONT turf maintained significantly more tissue A1 than turf treated with 
pellets at 98 to 294 kg N ha-^ from 4 June through 8 October 1992. 
Nonfertilized turf contained significantly more A1 than turf receiving 
all other treatments on 2 July, 13 August and 24 September. As observed 
with FE, the lower clipping yields from unfertilized turf may have 
resulted in concentration of A1 in CONT leaf tissue. 
Tissue uptake of Cd during 1991 and 1992 is shown in Table 5.10. Of 
the six sampling dates during 1991, significant source effects occurred 
only on 4 July and 12 September when PEL2, PEL4, and PEL8J provided 
greater tissue Cd content than CONT treatments. The application rate of 
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pellets appeared to have little influence on Cd content. PEL2 provided 
tissue Cd concentrations similar to CONT on six of eight dates evaluated 
from 7 May through 8 October. MIL (52.3 g ha-1 yr-1) provided more Cd 
than PEL2 (10 g ha 1 yr *) during the study yet, tissue concentrations 
were rarely different. PEL6, which supplied more cadmium than any other 
treatment (30 g ha 1 yr provided greater tissue Cd levels than CONT 
on only 3 of eight dates evaluated from 7 May through 8 October. 
Pelletized sludge applied at PEL2 - PEL8J,S rarely provided increased 
tissue Cd concentrations from 7 May through 8 October. Thus, it does not 
appear that greater Cd application via fertilization will reliably 
increase tissue Cd levels. 
Tissue Cd levels throughout 1991 and 1992 were similar to tissue Cd 
levels reported by Levine et al. (1989) after applying Milorganite for 
10 years at 8960 kg ha-1 yr-1 to Kentucky bluegrass (Poa pratensis L). 
Kiemnec et al. (1987) also noted similar tissue Cd concentrations after 
applying sewage sludge at 0 to 440 kg N ha-1 yr-1 to tall fescue 
(Festuca arundinacea Shreb.). Cadmium is one of the more water soluble 
metals contained in sludge (Lake et al., 1984). Relatively low tissue Cd 
concentrations throughout 1991 and 1992 suggest that organic matter in 
pelletized sludge may resist decomposition and subsequent release of Cd 
(Sommers et al., 1976; Tester et al., 1977; Terry et al., 1979) and/or 
as the sludge mineralizes Cd is being adsorbed to the soil (Elliot, 
1990). Finally, restricted transport to the shoots via a root-limiting 
uptake mechanism has also been hypothesized (Jarvis and Jones, 1978). 
Tissue uptake of Cr during 1991 and 1992 in response to the various 
fertilizer programs is shown in Table 5.11. Leaf tissue Cr content 
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ranged from 0.37 to 1.17 mg kg-1 in response to various fertilization 
programs with no meaningful trends evident. Although MIL contained far 
more Cr (3217 mg kg-1) than pellets (24 mg kg-1), MIL application rarely 
provided tissue Cr concentrations greater than PEL2 - PEL8J,S. In fact, 
MIL provided greater tissue Cr levels than nonfertilized turf on only 
three of eight rating dates during 1992. CONT plots maintained tissue Cr 
content similar or greater than PEL6 on four of six dates during 1992 
when significant source effects occurred. This similar concentration may 
be due to adequate background soil Cr concentration (21 mg kg-1) which 
overshadowed fertilizer effects. The principal form of chromium found 
in sludge is Cr which is not readily available for plant uptake 
(Chaney, 1973). Upon uptake the majority of chromium remains in root 
tissue resulting in low leaf tissue Cr concentrations. Tissue Cr 
concentrations throughout 1991 and 1992 are similar to those reported by 
Dijkshoorn et al. (1981) who analyzed ryegrass (Lolium perenne. L. ) 
grown on soil that received 0-18 tons ha-1 of sewage sludge containing 
high concentrations of heavy metals for a 6-year period. 
During 1991, tissue content of Ni and Pb was unaffected by fertilzer 
programs (Table 5.12 and 5.13). In contrast, there were significant 
fertilizer source effects in 1992. However, PEL2 - PEL8J rarely provided 
greater Ni or Pb tissue concentrations than CONT. The lack of a 
meaningful trend between the sludge and control treatments suggests that 
Ni and Pb are not readily available for plant uptake. Background soil Ni 
and Pb levels were greater than those provided by sludge pellets (Table 
5.14). It appears, therefore, that Ni and Pb from sludge pellets is not 
readily available. This assessment agrees with the findings of Levine et 
74 
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Table 5.14. Elemental analysis of selected pelletized 
sludges, soils, and maximum allowable pollutant 
concentrations. 
Element Hagerstown Milorganite MPC* Soil* 
Aluminium 4135 6478 7 J6 • • NA 
Boron 11 5 • • 1 
Cadmium 1 5 39 2 
Calcium 14262 6646 • • 525 
Chromium 24 3217 1200 21 
Copper 289 221 1500 45 
Iron 3624 53762 • • 8 
Lead 39 143 300 63 
Magnesium 1856 2503 • • 114 
Manganese 232 84 • • 31 
Molybdenum 14 24 18 10 
Nickel 8 38 420 20 
Sodium 664 889 • • NA 
Zinc 348 448 2800 73 
C/N 8/1 6/1 11/1 
% Iron 0.9 5.3 
% Solids 93.1 94.5 
TKN 5.25% 6.00% 
Total P 1.38% 1.59% 
Potassium 0.28% 0.33% 
t Maximum pollutant concentration for sewage sludge 
application to lawn or home garden. Taken from the Code 
of Federal Regulations Part 503-Standards for the use or 
disposal of sewage sludge. 
$ Hadley silt loam (mixed, mesic, nonacid, Typic Udifluvent 
-variant infrequently flooded). 
§ Pollutant concentration not established. 
NA Not analzyzed. 
al. (1989), who reported that 10 years of Milorganite application to a 
Kentucky bluegrass sod did not raise tissue Pb levels above those of the 
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control. Limited tissue uptake of Pb may be related to soil 
phosphorus, which has been shown to tie up Pb (Chaney, 1973; Jones et 
al., 1973). Soil pH (6.0-6.6) of the experimental area may also have 
contributed to restricted Ni plant uptake (Dijkshoorn et al., 1981). 
Soil Analysis 
Heavy metal migration in the soil was monitored for pelletized 
sludge applied at 98 and 294 kg N ha-1 (PEL2 and PEL6, respectively), 
Milorganite applied at 98 kg N ha-1 (MIL) and nonfertilized turf. These 
treatments were selected for analysis because they represent both 
standard and excessive application rates. 
1991 and 1992. Soil levels of B, Fe, Mn, and Zn varied little at 
the 0 - 5 cm depth in response to treatments (Appendix B, Table B.l). 
PEL2, PEL6, and MIL rarely provided greater soil Al, Cd, Cu, and Pb 
levels at the 0 - 5 cm depth than nonfertilized turf during the study 
(Table 5.15). After applying Milorganite to bluegrass (Poa compressa 
L.,Poa pratensis L.) at 8960 kg ha”^yr~^ for ten years, Levine et al. 
(1989) reported soil Cd, Cu, and Zn levels were significantly greater 
than those of control plots. The cumulative loading rate for their 
entire study was 89,600 kg ha~^ compared to a maximum of 19,600 kg ha 1 
(PEL6) in this study. Thus one might expect significant effects when 
applying excessive rates over an extended period. 
Soil Mo and Ni concentration at 0 - 5 cm depth in response to 
various fertilizer sources are shown in Table 5.16. Pelletized sludge 
applied at 98 or 294 kg N ha-1 (PEL2) and (PEL6) provided similar soil 
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Table 5.15. Soil concentration of aluminium, cadmium, copper and 
lead at the 0-5 cm depth in response to fertilizer 
programs during 1991 - 1992. 
Source Rate 
kg N 
ha"1 
1 QQ1 1 qq? 
Aug 
27 
Nov 
9 
Jun 
11 
Aug 
7 
Nov 
19 
Al lliy 
PEL2 98 20309.2 22292.4 a* 20631.7 22262.0 a 19987.0 
PEL6 294 18956.2 20218.6 a 20228.2 21175.0 ab 19957.7 
MIL 98 20553.3 19881.3 b 20312.3 20983.5 b 20919.5 
CONT — — 19625.3 19387.6 b 20215.2 21498.0 ab 20427.7 
F Test NS * NS ** NS 
" IIIU AU vU 
PEL2 98 0.39 0.64 2.90 1.02 b 1.4 
PEL6 294 1.23 0.98 2.60 1.32 ab 1.3 
MIL 98 1.63 1.19 0.98 1.71 a 1.2 
CONT — 1.31 1.16 0.84 1.36 ab 1.2 
F Test NS NS NS * NS 
mrr Vrr ^ Pn 
PEL2 98 45.5 42.8 51.3 56.5 b 59.0 b 
PEL 6 294 46.4 44.9 49.1 61.4 a 62.1 a 
MIL 98 47.6 46.8 44.6 56.6 b 60.4 b 
CONT — 46.8 43.8 42.4 59.0 ab 56.7 b 
F Test NS NS NS * * 
PEL2 98 62.9 65.2 a 61.8 70.9 69.2 
PEL6 294 58.7 58.5 b 59.5 68.2 70.9 
MIL 98 62.1 58.3 b 61.4 70.4 76.4 
CONT — 60.0 58.3 b 61.8 61.7 76.4 
F Test NS * NS NS NS 
f All fertilizers applied 6 June, 19 August 1991 and 23 April and 
27 August 1992. 
$ Values within dates followeed by the same letter are not 
significantly different at P=0.05 according to Duncan's 
New Multiple Range Test. 
NS, *, ** Nonsignificant and significant at P=0.05 and 0.01, respectively. 
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Table 5.16. Soil concentration of molybdenum, nickel, and chromium at 
0 - 5 cm depth in response to fertilizer programs during 
1991 - 1992. 
Source^ Rate 
kg N 
ha” 
1991 1 99? 
Aug 
27 
Nov 
9 
Jun 
11 
Aug 
7 
Nov 
19 
PEL2 98 12.0 15.9 a* 15.3 a 13.5 15.1 
PEL6 294 12.1 14.1 ab 11.9 ab 13.5 14.9 
MIL 98 13.5 10.2 b 7.2 b 14.3 15.6 
CONT — 12.3 11.5 b 7.9 b 14.1 15.2 
F Test NS ** * NS NS 
PEL2 98 20.3 20.0 a 23.6 8.3 26.5 ab 
PEL6 294 20.5 17.2 ab 16.0 26.8 26.7 a 
MIL 98 19.9 15.3 b 16.9 26.7 28.2 a 
CONT — 19.8 15.1 b 15.8 26.8 24.9 b 
F Test NS * NS NS * 
” IkU wi. 
PEL2 98 22.1 20.0 b 23.0 b 36.2 b 34.6 b 
PEL 6 294 19.2 17.7 b 17.3 b 35.3 b 34.2 b 
MIL 98 27.0 38.3 a 35.7 a 70.3 a 78.7 a 
CONT — 20.0 17.8 b 15.7 b 36.2 b 34.5 b 
F Test NS * * ** *★ 
_ mrr Irrr ^ Ul^ iiU wL 
PEL2 98 21.6 91.4 37.1 34.9 b 36.1 ab 
PEL6 294 20.2 83.5 36.4 34.5 b 34.7 b 
MIL 98 20.5 72.9 36.1 37.3 a 37.6 a 
CONT — 21.4 99.1 36.5 37.6 a 34.6 b 
F Test NS NS NS * * 
t All fertilizers applied on 6 June and 2 9 Aug. 1991 and 23 Apr. and 
27 Aug. 1992. Urea and 12-4-8 also applied on 22 Nov. 1991 and 11 
June and 19 Nov. 1992. 
$ Values within dates followed by the same letter are not 
significantly different at P = 0.05 according to Duncan's New 
Multiple Range Test. 
§ Soil Cr concentrations at the 5 - 10 cm depth. 
NS, * Nonsignificant and significant at P = 0.05, 0.01, respectively. 
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Mo and Ni concentrations on all sampling dates. PEL2 application 
resulted in significantly greater soil Mo than both MIL and 
nonfertilized turf on two of five dates during 1991. No meaningful 
trends were noted in soil Ni levels as related to fertilizer source. 
Soil Cr content in response to fertilizer sources is listed in Table 
5.15. Two years of applying PEL2 and PEL6 programs did not elevate soil 
Cr levels above those of the control anytime during the study. MIL, 
however, increased soil Cr content compared to PEL2, PEL6, and 
nonfertilized turf on four of five dates at the 0 - 5 cm depth during 
1991. These results can be attributed to the elevated Cr levels of 
Milorganite (3217 mg kg”1), compared to pelletized sludge (24 mg kg”1). 
However, the maximum MIL soil Cr concentration in 0 - 5 cm depth (Table 
5.15) was < 1.0% of total Cr loading (Table 5.11.). Soil Cr concen¬ 
tration at the 5 - 10 cm depth provided significant source effects only 
twice during the study with MIL resulting in elevated soil Cr content on 
both dates. Lack of significant Cr movement has been reported in 
numerous short and long term application studies (Alloway, 1990). Chang 
et al. (1984) reported that following rototilling of composted sludge 
into the top 15 cm of soil, at 0 - 90,000 kg ha”1 for six years, more 
than 90% of Cr applied remained in the top 15 cm. Soil levels of B, 
Cd, Cu, Fe, Mn, Mo, Ni, Pb, and Zn at 5 - 10 cm depth indicated little 
differences among treatments (Appendix B, Tables B.l. - B.4.). 
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Summary 
Increasing the application rate of sludge pellets rarely increased 
heavy metal concentration in soil solution throughout the study 
(Appendix A). Unfertilized plots had heavy metal soil solution 
concentrations similar to PEL6 and PEL8J,S for Al, B, Cd, Cu, Fe, Mn, 
Mo, Ni, Pb, and Zn. Giordano and Mortvedt (1976), reported that 
following application of 224 metric tons ha-1 of anaerobically digested 
sludge and leaching a soil with four, 12 cm deionized water treatments 
in 12 weeks that Zn, Cd, Ni, Pb, Cr concentrations were not above 
control levels. Hue et al., (1988) also reported undetectable levels of 
Cd, Cu, Ni, Zn and Fe in all soil solutions after applying 0 - 180,000 
kg ha"l. Aside from Al soil solution concentration, metal concentrations 
in the soil solution were below maximum contaminate level set by E.P.A. 
and in some cases below the detection limit of the ICP-AES. It is clear 
that pelletized sludge application in the study did not promote heavy 
metal leaching. 
Regardless of fertilizer treatment during 1991 and 1992, elemental 
tissue concentrations were similar to those commonly reported in the 
literature. Plant quality and growth results from sludge application as 
high as, 294 and 392 kg N ha-1, was never detrimental to turfgrass. 
Few significant differences in soil metal levels were evident at 
either 0 - 5 cm or 5 - 10 cm soil depth following two years of 
pelletized sludge application. When significant source effects did occur 
pelletized sludge applied at 98 or 294 kg N ha-1 and Milorganite applied 
at 98 kg N ha~^ provided heavy metal concentrations that were rarely 
greater than nonfertilized treatments. Milorganite usually provided 
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greater soil Cr concentrations than PEL2, PEL6, and CONT within the 0 - 
5 cm depth throughout the study. At the 5 - 10 cm soil depth, however, 
Milorganite provided soil Cr concentrations similar to CONT on four of 
five dates evaluated. Therefore, heavy metals contained in pelletized 
sludge applied at 98 to 196 kg N ha”^ did not migrate below the top 5 
cm. Other work has shown that even when repeated pelletized sludge 
applications are made over a period of many years, heavy metals will 
likely remain in the sludge-soil interface where applied. 
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CHAPTER VI 
CONCLUSIONS 
The following conclusions are based upon results obtained during 
the study. A comprehensive discussion of the evidence leading to these 
conclusions is presented in Chapters III through V. 
(1) Throughout the study pelletized sludge provided turfgrass 
quality and growth similar to other slow-release sources, 
Milorganite, and Ringer Lawn Restore. 
(2) Pelletized sludge applied at 98 kg N ha-1 provided more 
uniform long term quality and growth compared to urea, applied at 
49 kg N ha-^, which provided rapid but short term quality and 
clipping yield. 
(3) Pelletized sludge applied at 196 kg N ha-1 usually provided 
turfgrass quality and growth superior to pelletized sludge, 
Milorganite, and Ringer Lawn Restore applied at 98 kg N ha 1 
throughout the study. 
(4) Applying pelletized sludge at 98 to 196 kg N ha ^ will provide 
acceptable to optimum turfgrass quality and growth, respectively. 
(5) Applying pelletized sludge at a recommended rate of 98 - 196 
kg N ha-1 provided soil solution nitrate concentrations similar to 
nonfertilized plots throughout the study. The nitrate 
concentrations were well below the maximum nitrate drinking water 
concentration, 10.0 mg N L 
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(6) Nitrate leaching from annual N applications of pelletized 
sludge as high as 294 and 392 kg N ha ^ resulted in average soil 
solution nitrate contents of 1.96 and 1.86 mg N L-1, respectively. 
(7) The highest sludge application (784 kg N ha-1 yr-1) provided 
soil nitrate concentrations similar to nonfertilized plots on 11 
of 12 dates between 25 August 1991 and 19 November 1992. 
(8) Increasing pelletized sludge application rate rarely 
increased heavy metal concentration in soil solution during the 
study. Nonfertilized plots had heavy metal soil solution 
concentrations similar to PEL6 and PEL8J,S for Al, B, Cd, Cu, Fe, 
Mn, Mo, Ni, Pb, and Zn. 
(9) Aside from soil solution Al concentration, soil water 
concentrations were below maximum contaminate level set by E.P.A. 
and in some cases below detection limit of the ICP-AES. 
(10) Regardless of fertilizer treatment during 1991 and 1992, 
elemental tissue concentrations were similar to those commonly 
reported 
(11) Following two years of pelletized sludge application, few 
significant differences in soil metal levels were evident at 
either the 0 - 5 cm or 5 - 10 cm soil depth. 
(12) Heavy metals contained in pelletized sludge applied at 98 to 
196 kg N ha-1 did not migrate below the top 5 cm. 
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APPENDIX A 
HEAVY METAL CONCENTRATIONS IN SOIL SOLUTION 
Table A.l. Maximum EPA contaminate levels allowed in drinking water. 
Element Concentration 
mg l"*1 * 
Status Detection 
limit* 
Aluminum 0.2 F 0.4 
Boron — L 0.006 
Cadmium 0.005 F 0.003 
Chromium 0.1 F 0.007 
Copper 1.0 F 0.005 
Iron 0.3 F 0.006 
Lead 0.0 F 0.04 
Manganese 0.05 F 0.001 
Molybdenum — L 0.008 
Nickel 0.1 F 0.02 
Zinc 5.0 F 0.002 
t U.S. Environmental Protection Agency. 1992. Drinking water regulations 
and health advisories. 
$ Elemental detection limit of the ICP-AES. 
F, Final. 
L, Listed for regulation. 
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APPENDIX B 
HEAVY METAL CONCENTRATIONS IN SOIL 
Table B.l. Soil concentration of boron, iron, manganese, and zinc at 
the 0 - 5 cm depth in response to fertilizer programs during 
1991 and 1992. 
Source' Rate 
kg N 
ha'1 
1991 1 99? 
Aug 
27 
Nov 
9 
Jun 
11 
Aug 
7 
Nov 
19 
PEL2 98 2.56 0.86 0.0 0.0 0.0 
PELS 294 1.54 0.25 0.0 0.0 0.0 
MIL 98 2.11 0.00 0.0 0.0 0.0 
CONT — 0.67 0.00 0.0 0.0 0.0 
F Test NS NS NS NS NS 
PEL2 98 19757 20319 19772 28311 19680 
PELS 294 19138 19451 19646 19967 19343 
MIL 98 20186 19703 19906 20218 27618 
CONT — 19383 19583 19954 20402 19558 
F Test NS NS NS NS NS 
mrr 1m ^ Mn 
PEL2 98 311.5 309.3 309.5 311.8 302.7 
PEL6 294 296.1 296.2 303.1 309.1 306.4 
MIL 98 314.0 305.2 305.6 316.3 316.9 
CONT — 299.3 300.8 309.8 318.6 312.4 
F Test NS NS NS NS NS 
PEL2 98 76.5 79.9 78.9 78.4 77.3 
PEL6 294 75.3 79.5 80.0 81.1 80.4 
MIL 98 77.0 81.5 78.7 79.9 82.5 
CONT — 74.3 75.9 75.6 76.3 75.1 
F Test NS NS NS NS NS 
t All fertilizers applied 6 June and 29 Aug. 1991 and 23 Apr . and 27 Aug. 
1992. Urea and 12-4 -8 also applied 22 Nov. 1991, and 11 June and 19 Nov. 
1992. 
NS, Nonsignificant at P = 0.05. 
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Table B.2. Soil concentration of aluminum, boron, and cadmium at the 5 
- 10 cm depth in response to fertilizer programs during 1991 
and 1992. 
Source^ Rate 
kg N 
ha'1 
1991 1 99° 
Aug 
27 
Nov 
9 
Jun 
11 
Aug 
7 
Nov 
19 
A 1 
PEL2 98 21459.4 20068.0 22422.7 20609.0 21528.5 
PEL6 294 21353.4 19578.0 22119.2 19848.0 20716.5 
MIL 98 21106.4 19780.0 21188.0 21296.5 21808.3 
CONT — 21108.2 19898.0 21972.5 21700.7 21160.2 
F Test NS NS NS NS NS 
R 
PEL2 98 0.0 0.0 0.0 0.0 0.0 
PEL6 294 0.0 0.0 0.0 0.0 0.0 
MIL 98 0.0 0.0 0.0 0.0 0.0 
CONT — 0.0 0.0 0.0 0.0 0.0 
F Test NS NS NS NS NS 
mn Irrr ^ Cd 
PEL2 98 1.56 1.9 1.4 2.0 1.1 
PEL6 294 1.58 0.2 1.4 2.1 1.2 
MIL 98 1.36 2.0 1.5 1.9 0.8 
CONT — 2.51 1.1 1.6 2.0 1.1 
F Test NS NS NS NS NS 
f All fertilizers applied 6 June and 29 Aug. 1991 and 23 Apr. and 27 Aug. 
1992. Urea and 12-4-8 also applied 22 Nov. 1991, and 11 June and 19 Nov. 
1992. 
NS, Nonsignificant at P = 0.05. 
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Table B.3 Soil concentration of copper, iron, manganese, and 
molybdenum at the 5-10 cm depth in response to fertilizer 
programs during 1991 and 1992. 
Source^ Rate 
kg N 
ha’1 
1 QQ1 1 9°° 
Aug 
27 
Nov 
9 
Jun 
11 
Aug 
7 
Nov 
19 
wU " 
PEL2 98 46.3 34.7 68.1 61.7 59.3 
PEL 6 294 53.1 30.0 72.4 63.7 60.3 
MIL 98 54.3 33.7 74.0 66.3 64.0 
CONT — 54.4 30.9 72.2 64.3 60.3 
F Test NS NS NS NS NS 
mrr 1m ^ TP a 
PEL2 98 20813.6 10692.0 21110.5 20076.0 20071.2 
PELS 294 20499.6 10828.0 21031.2 19553.5 19745.2 
MIL 98 22818.1 10828.0 20954.0 20581.2 20032.7 
CONT — 20807.5 9470.0 21025.0 20453.0 19754.2 
F Test NS NS NS NS NS 
PEL2 98 312.3 ND 327.4 300.7 ab* 306.1 
PEL6 294 327.4 ND 337.9 293.3 b 310.7 
MIL 98 329.0 ND 331.6 333.4 a 332.9 
CONT — 329.6 ND 344.3 332.3 a 314.5 
F Test NS NS NS * NS 
- mo ka-^ Mo  
PEL2 98 13.4 46.0 16.6 14.8 ab 15.4 
PEL6 294 13.7 41.4 15.9 13.7 b 14.7 
MIL 98 14.9 43.4 16.3 15.4 a 15.2 
CONT — 13.1 47.6 16.1 15.5 a 15.0 
F Test NS NS NS * NS 
t All fertilizers applied 6 June and 29 Aug. 1991 and 23 Apr. and 27 Aug. 
1992. Urea and 12-4-8 also applied 22 Nov. 1991, and 11 June and 19 Nov. 
1992. 
i Values within dates followed by the same letter are not significantly 
different at P = 0.05 according to Duncan’s New Multiple Range Test. 
NS, * Nonsignificant and significant at P = 0.05, respectively. 
ND, Not detectable; below detection limit. 
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Table B.4. Soil concentration of nickel, lead, and zinc at the 5 
- 10 cm depth in response to fertilizer programs 
during 1991 and 1992. 
Source^ Rate 
kg N 
ha*1 
Aug 
27 
Nov 
9 
Jun 
11 
Aug 
7 
Nov 
19 
W.-1 NT i 
PEL2 98 18.9 c* 20.5 29.2 28.1 28.4 
PEL6 294 22.8 ab 15.5 28.2 28.3 26.5 
MIL 98 23.5 a 19.3 28.4 28.1 26.8 
CONT — 20.9 abc 17.4 28.9 27.8 25.7 
F Test * NS NS NS NS 
PEL2 98 65.2 67.0 75.0 73.8 73.1 
PEL6 294 59.8 59.9 74.1 83.7 72.3 
MIL 98 64.8 64.5 75.0 77.7 73.7 
CONT — 65.8 62.6 76.3 78.8 56.9 
F Test NS NS NS NS NS 
PEL2 98 77.6 75.7 77.2 73.8 75.7 
PEL6 294 76.2 71.9 77.4 83.7 76.1 
MIL 98 77.5 73.8 93.4 77.7 77.6 
CONT — 75.9 73.0 78.8 78.8 74.3 
F Test NS NS NS NS NS 
t All fertilizers applied 6 June and 29 Aug. 1991 and 23 Apr. 
and 27 Aug. 1992. Urea and 12-4-8 also applied 22 Nov. 1991, 
and 11 June and 19 Nov. 1992. 
$ Values within dates followed by the same letter are not 
significantly different at P = 0.05 according to Duncan's New Multiple 
Range Test. 
NS, * Nonsignificant and significant at P = 0.05, respectively. 
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